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Abstract 
The leguminous plant Medicago sativa (Alfalfa) can enter a symbiosis with a nitrogen-fixing 
bacterium called Sinorhizobium meliloti. S. meliloti elicits on M. sativa roots the formation of 
specialized organs called nodules that behave as miniature nitrogen-fixing factories in which 
fixed nitrogen is provided to the plant, in proportion of its needs. Extensive work on the model 
Medicago truncatula/S. meliloti has revealed a great deal of the genetic pathway involved in 
Nod Factor (NF) perception and signal transduction pathway leading to coordinated nodule 
organogenesis and controlled bacterial infection. The negative control of nodulation and 
infection is nowadays a very active area of research. Such a negative control is physiologically 
essential as excessive nodulation and/or bacterial infection would be detrimental to the 
symbiosis and to plant health. So far only plant (Medicago and Lotus) mutants have been 
identified that are affected for the control of infection. As part of my PhD thesis, we have 
shown that the bacterium S. meliloti is also involved in this process. Indeed, we have shown 
that three receptor-type bacterial adenylate cyclases (ACs) CyaD1, CyaD2 and CyaK, 
participate in the control of the infectious process in response to an unknown signal. In 
response to this signal, the three ACs synthesize cAMP which, via the regulator Clr (CRP -like 
regulator), activates a target gene, the gene smc02178 whose role is still unknown. The 
mutation of cascade components leads to a hyper-infectious phenotype on M. sativa roots. 
My PhD work focused on the characterization of signal perception mechanisms by the 
cyclases, its biosynthesis and the study of its perception by CyaK. We have shown that the 
signal perceived by the three cyclases is a plant signal. This signal is present in shoots and in 
nodules of M. sativa, and in a large number of plant species including non-legumes. In a 
second step, we were interested in a phosphodiesterase (PDE), the protein SpdA (SMc02179), 
potentially involved in the regulation of cAMP levels in S. meliloti. The study of the smc02179 
regulation showed that the gene is expressed in symbiosis from the early stage of infection. 
We have thus functionally characterized the SpdA protein in vivo and in vitro and studied its 
role in the signalling cascade.  
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Résumé 
La légumineuse Medicago sativa établit une symbiose fixatrice d’azote avec la bactérie 
Sinorhizobium meliloti impliquant la formation d’un organe spécialisé, le nodule, au niveau de 
la racine de la plante hôte. La formation de nodules fait intervenir un programme complexe  
de développement impliquant le processus d’organogenèse du nodule, l’infection 
intracellulaire des cellules de ce dernier, ainsi que des mécanismes de différenciation croisée 
des deux partenaires. Afin que la symbiose garde son caractère mutualiste, il est nécessaire 
qu’elle soit régulée négativement. Ainsi la nodulation est contrôlée de manière négative par 
Medicago via en particulier une boucle de régulation appelée AON. Pour éviter une 
surinfection racinaire, l’infection est également contrôlée de manière négative. Jusqu’à 
maintenant, on pensait que seule la plante jouait un rôle dans le contrôle négatif de l’infection. 
Dans le cadre de ma thèse, nous avons mis en évidence que la bactérie S. meliloti intervenait 
également dans ce processus. En effet, nous avons montré que trois adénylate cyclases (ACs) 
bactériennes de type récepteur, CyaD1, CyaD2, et CyaK, participent au contrôle du processus 
infectieux en réponse à un signal de nature inconnue. En réponse à ce signal, les trois ACs 
synthétisent de l’AMPc qui, via le régulateur Clr (CRP-like regulator), active un gène cible, le 
gène smc02178 dont le rôle est encore inconnu. La mutation des composants de la cascade 
conduit à un phénotype hyper-infectieux sur les racines de M. sativa. Mes travaux de thèse 
ont porté sur la caractérisation du signal perçu par les cyclases, sa biosynthèse et l’étude de 
son mode de perception par CyaK. Nous avons montré que le signal perçu par les trois cyclases 
est de nature végétale. Ce signal est présent dans les parties aériennes et dans les nodules de 
M. sativa, ainsi que chez un grand nombre d’espèces végétales y compris non légumineuses.  
Dans un deuxième temps, nous nous sommes intéressés à une phosphodiesterase (PDE), la 
proteine SpdA (SMc02179), susceptible d’être impliqué dans la régulation du taux d’AMPc 
présent dans la bactérie. L’étude de la régulation du gène smc02179 codant la PDE a montré 
que le gène smc02179 est exprimé en symbiose dès le stade précoce de l’infection. Nous avons 
également caractérisé de manière fonctionnelle la protéine SpdA in vivo et in vitro et étudié 
son rôle dans la cascade de signalisation.  
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Introduction 
 
A. The Sinorhizobium meliloti-Medicago symbiosis 
 
I. Introduction 
 
1. Background and agronomic stakes 
The settlement emergence during Neolithic permitted agriculture development. From that 
moment on, man was no more hunter but became producer. Agriculture continued to develop 
for thousand years until industrialization. Agriculture modernization started during the 19th 
century and Justus von Liebig is considered as its funder. In 1850, Liebig generalized the “Law 
of the Minimum” (Gorban et al., 2011) formulated for the first time in 1828 by Carl Sprengel. 
The Law of the Minimum says that the crop yield is limited by the first missing fertilizer 
element and thus it has to be complemented with an external amount of mineral fertilizer. 
The first limiting factor after water for crop yield is nitrogen. Although nitrogen represents 
79% of the atmosphere, it is present in the form of gas that plants and animals are not able to 
use. Indeed, plants usually capture nitrogen in the form of nitrates and ammonia, from the 
soil (Oldroyd, 2013; Oldroyd et al., 2011). Nitrogen is used by plants to synthesise important 
molecules such as proteins, nucleotides, nucleic acids and chlorophyll. Thus, most cultivated 
plants heavily depend on applied nitrogen fertilizers for growth. Nitrogen fertilizers synthesis 
is extremely costly in fossil energy as N2 is very stable chemically. 1 ton of N-fertilizer requires 
several tons of fuel for synthesis. Transport and spreading of N-fertilizers on fields by farmers 
further increase fossil energy waste. Last but no least a significant part of applied N-fertilizers 
are actually not taken up by growing plants but are leached in soil, hence contributing to water 
pollution and eutrophication in lands of intensive agriculture.   
Leguminous plants (Fabaceae) are an exception since they are able to fix atmospheric nitrogen 
(N2) and thus to grow in the absence of nitrogen-containing chemical fertilizers. Indeed, even 
if most of plants, as all eukaryotic organisms, are unable to fix atmospheric nitrogen by 
themselves, leguminous plants can do it thanks to their interaction with diazotroph 
microorganisms.  
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Figure 1: Development of determinate and indeterminate root nodules. 
In legumes that develop indeterminate nodules, rhizobial infection of the plant roots induces 
periclinal cell divisions in the pericycle followed by inner cortical cell proliferation. 
Development of a nodule primordium is accompanied by the presence of a persistent 
meristem leading to a zonation of an indeterminate nodule with the meristem (zone I), the 
infection zone (II), an interzone (II-III), the fixation zone (III) and the senescence zone (IV). By 
contrast, determinate nodules derive from cell divisions in the outer root cortex where the 
meristematic activity is lost in mature nodules. Adapted from Popp and Ott, 2011 
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This interaction is mutualistic as it is beneficial for both partners. Indeed, legume plants 
receive fixed nitrogen from bacteria whereas bacteria receive carbon compounds from the 
plant. This symbiosis involves around 18.000 legume species (encompassing Caesalpinioideae, 
Mimosoideae, Papilionoideae) and a set of soil-borne bacteria collectively called rhizobia 
(Masson-Boivin et al., 2009). The process of biological nitrogen fixation is important to the 
environment and to world agriculture. The rhizobium-legume symbiosis as a whole is 
responsible every year for 50 million tons of nitrogen injected into agriculture, without 
greenhouse effects, as compared to 90 million tons of N-fertilizers (Fields, 2004). Legumes are 
thus plants of extreme ecological and agricultural importance. In addition legumes are a major 
feed (soybean) and food resource in South and Central America. Legume seeds are very rich 
in proteins and thus should become in future decades, a valuable alternative to animal 
proteins. Furthermore, largely thanks to their N2-fixing capacity, legumes are often pioneering 
plant for (re)colonization of poor and degraded soils (Pérez-Montaño et al., 2013). Because of 
those agronomic stakes, legume-rhizobia symbiosis is subjected to important scientific 
researches worldwide. 
2. The nodule, a N2 fixing plant organ 
Nodules are specialized organs devoted to N2 fixation. They are mixed organs composed of 
plant tissues and bacteria that are part of the plant microbiome. Legumes develop two types 
of root nodules (Figure 1). Indeterminate nodules of legumes such as Medicago truncatula 
and Pisum sativum have a persistent meristem and are continuously infected. These nodules 
can be divided into four major zones (Vasse et al., 1990). By contrast, determinate nodules 
(e.g in legumes like Lotus japonicus  and Glycine max) have a defined lifespan and loose their 
central meristem as well as the ability to be continuously infected upon maturation (Popp and 
Ott, 2011). Within the developing root indeterminate nodule rhizobia differentiate into 
bacteroids that are able to fix atmospheric nitrogen. 
The process of biological reduction of nitrogen to ammonia is catalysed by a metalloenzyme 
called nitrogenase. This enzyme contains two components that are named according to their 
metal composition. The smaller dimeric component, known as the iron (Fe) protein, functions 
as an ATP-dependent electron donor to the largest heterotetrameric component, known as 
the molybdenum-iron (MoFe) protein, which contains the enzyme catalytic site (Dixon and 
Kahn, 2004). 
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Figure 2 :  Medicago truncatula (A) and Medicago sativa (B) 
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The process of nitrogen fixation is very energy costly since for one molecule of nitrogen fixed, 
16 ATP molecules are used. There is also a metabolic cost to host plants that supply bacteria 
with photosynthates.  
Nitrogen fixation is directed by two sets of genes, nif genes and fix genes (see page 34). nif 
genes encode  structural proteins of the nitrogenase enzyme (nifHDK), enzymes involved in 
biosynthesis of the nitrogenase Fe-Mo cofactor (nifENB), the regulatory protein NifA, and 
proteins of unknown functions that are required for full nitrogenase activity (nifSWX). The 
fixABCX genes might, based on their sequence, code for an electron transport chain to 
nitrogenase. fixGHIS is involved in Cu2+ transport, while fixNOPQ encode a membrane-bound 
cytochrome oxidase (Delgado et al., 1998). The fixL, fixJ, and fixK genes encode regulatory 
proteins (see page 48). 
 
3. Medicago truncatula and Lotus japonicus as model legumes 
Legumes are the third-largest family of angiosperms, the second most-important crop family, 
and a key source of biological nitrogen in agriculture (Young and Bharti, 2012). Legumes are 
usually defined by their typical flower structure and the ability of many of them to form root 
nodules in presence of rhizobia. The ability of about 70% of legumes to obtain nitrogen from 
the air through root nodules (Faria et al., 1989) was probably a major determinant in their 
evolutionary, ecological, and economical success. Interestingly, the study of symbiotic 
associations with rhizobia drove the development of model legumes such as M. truncatula 
(Ané et al., 2008; Barker et al., 1990) or L. japonicus (Sato and Tabata, 2006). L. japonicus is a 
model for determinate nodules while M. truncatula is used to study indeterminate nodule 
development. Studies on each nodule model are very efficient ways to compare common and 
different processes used by legumes to generate the N2-fixing organ.   
M. truncatula (Figure 2A) is native of the Mediterranean basin and is found in a wide range of 
habitats (Ané et al., 2008). Natural attributes of M.truncatula that make it a valuable genetic 
model compared to its close relative M. sativa (alfalfa) (Figure 2B) include its annual habit and 
rapid life cycle, its diploid (2n = 16) and autogamous nature, its prolific seed production, and 
a relatively small genome of about 550Mb. Jemalong A17 has been selected by the research 
community as a reference line for most genetic and genomic approaches (Ané et al., 2008; 
Barker et al., 1990). 
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Figure 3: The three components of the S. meliloti genome: a chromosome and two 
megaplasmids.  
Red, green and blue regions have a guanosine + cytidine (G + C) content of less than 60% 
(averaged over 10-kilobase windows). The positions of some genes are shown, including those 
needed for the synthesis of ribosomal RNA (rRNA) and for plasmid replication (rep genes), as 
well as the gene encoding the essential transfer RNA (Arg-tRNA) that recognizes the nucleotide 
triplet CCG. Also shown are the gene regions required for the bacterium to form nodules on 
the roots of legumes (nod genes), for the formation of external polysaccharides (exo genes), 
and for symbiotic nitrogen fixation (nif/fix genes). Adapted from Downie and Young 2001 
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M. truncatula is a member of Papilionoideae, a subfamily that diverged from the two other 
legume subfamilies Mimosoideae and Caesalpinoideae approximately 60 MA (Young and 
Bharti, 2012). Research efforts on M. truncatula encompass a broad range of fields in plant 
biology from population biology and plant development to plant pathology, insect resistance 
and biotechnology production (http://www.medicago.org).  
However, most of times, researches on M. truncatula are associated with its capacity to 
develop two major plant root endosymbiosis, the arbuscular mycorrhizal (AM) and the 
rhizobial-legume symbiosis and links between those mutualistic interactions and pathogenic 
interactions. AM is a root endosymbiosis between fungi of the ancient phylum 
Glomeromycota and about 80% of land plant species, improving the uptake of water and 
mineral nutrient (Gough and Cullimore, 2011). During rhizobial-legume symbiosis, the 
microsymbiont allows the plant to gain access to ammonium, a product of the prokaryote-
exclusive enzyme nitrogenase (Markmann and Parniske, 2009).  
4. Sinorhizobium meliloti, the Medicago symbiont 
 Rhizobia are soil born bacteria that can fix atmospheric nitrogen to ammonia under ambient 
conditions, a reaction only mimicked on an industrial scale by a very costly chemical process 
(Dixon and Kahn, 2004). Rhizobia currently belong to 12 genera and more than 70 species of 
α- and β-proteobacteria (Masson-Boivin et al., 2009). Sinorhizobium meliloti, the symbiont of 
Medicago, is a α-proteobacterium, a phylogenetically disparate group of bacteria.  It presents 
a tripartite 6.7-megabase (Mb) genome comprising a 3.65-Mb chromosome, and 1.35-Mb 
pSymA and 1.68-Mb pSymB megaplasmids (Figure 3) (Galibert et al., 2001). Genome sequence 
analysis indicates that all three elements contribute, in varying degrees, to symbiosis (Galibert 
et al., 2001). The chromosome is known to carry a wide variety of genes involved in general 
chemotaxis, (Figure 3). The psymA megaplasmid contains genes essential for nodulation, 
nitrogen fixation and catabolism of plant compounds (Figure 3). Interestingly, S. meliloti, 
together with Rhizobium leguminosarum have a restricted set of 9 and 8 nif genes  
respectively, making them the N2-fixing organisms with the least nif genes described so far 
(Masson-Boivin et al., 2009).   
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Figure 4 : Legume infection by S. meliloti.  
Bacteria are entrapped in a curled root hair, and from this site, infection threads are initiated. 
Infection threads progress into the inner cortex where the nodule primordium has formed 
through a series of cell divisions. Bacteria then differentiate into bacteroids and fix nitrogen 
in zone III of nodules. 
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 The psymB megaplasmid carries genes involved in transport, exopolysaccharides synthesis, 
and genes required for thiamine biosynthesis and utilization of novel carbon sources (Figure 
3) (Barloy-Hubler et al., 2000; Capela et al., 2001; Galibert et al., 2001). The three components 
of the S. meliloti genome may enable this bacterium to survive in soil, ready to jump at the 
chance of infecting a legume root. 
 
II. Basis of Medicago colonization by S. meliloti 
 
1. Infection of plant epidermis 
The root epidermis represents the first barrier that must be breached by bacteria. Because 
the epidermis is the first point of contact with rhizobia it must influence where, when, and 
how many nodules will be formed. In some legumes species, particularly the more basal 
legumes, this epidermal barrier to bacterial infection can be overcome by rhizobial infection 
at points of epidermal damage, generally caused by the emergence of lateral roots. In these 
cases the bacteria infect these cracks and gain access to cortical cells from the infected cracks. 
However, bacterial infection generally occurs through root hair cells that differentiate into 
Infection Thread (IT). In most legume/rhizobial interactions, the root hair cells play a central 
role in facilitating bacterial infection. 
Rhizobial infection via IT is accompanied by morphological alterations such as root hair curling 
and cortical cell divisions that initiate nodule organogenesis. In all but the most primitive 
rhizobial-host symbiosis, the bacteria must be internalized by plant cells in the root cortex 
before they begin to fix nitrogen. The bacteria penetrate these deeper plant tissues through 
the production of infection threads (IT) (Figure 4). To form those structures, the tip of a root 
hair to which rhizobia are bound, curls back on itself, trapping the bacteria within a pocket 
called CCRH for colonized curled root hair (Oldroyd, 2013). The bacteria divide at the growing 
IT tip, forming a column of bacteria. Thus bacteria induce the progressive ingrowth of the root 
hair cell membrane, resulting in bacterial invasion of interior plant tissue (Oldroyd, 2013). The 
tip of the developing IT is a site of new membrane synthesis, and is proposed to involve 
inversion of the tip growth that is normally exhibited by the root hair and to be the result of 
reorganization of cellular polarity (Gage, 2004).  
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Microscopic analysis of fluorescently tagged bacteria within IT indicates that only the bacteria 
at the tip of the ingrowing IT are actively dividing (Gage, 2002). Invasion appears to progress 
by continued bacterial proliferation at the tip and sustained induction of IT membrane 
synthesis (Jones et al., 2007). Rearrangement of the cytoskeleton and changes in microtubule 
organization is essential for  IT formation (Oldroyd et al., 2011). However, the cytoskeletal 
reorganizations involved in IT formation have not yet been thoroughly dissected. Inward 
movement of the root hair cell nucleus, in advance of the ingrowing IT, has been observed 
(Timmers et al., 1999).  In these cells, a network of microtubules connects the nucleus to the 
tip of the IT and surrounds the IT itself (Timmers et al., 1999). As the IT develops, the inside of 
this tubule is topologically outside the root hair cell and possesses a plant cell wall (Brewin, 
2004). Interactions between plant cell-wall material and other components of the IT matrix 
might play an important part in IT growth (Brewin, 2004). Plant cell wall remodelling during 
root hair colonization and IT formation is another process that is not well understood, but is 
proposed to involve plant proteins that are exported to the cell wall and the IT matrix (Brewin, 
2004). 
2. Cortical events: nodule organogenesis and bacteria endocytosis 
The epidermis regulates bacterial infection, whereas the root cortex controls the formation of 
the nodule. Intracellular infection and nodule organogenesis are genetically separable 
processes, thus genes involved in spatially coordinating and synchronizing nodule 
organogenesis with bacterial infection are essential for an efficient root nodulation symbiosis. 
However, whereas epidermal and cortical coordination events are essential, the coordinating 
process is still not clear. 
The activation of the mitotic cell cycle in cortical cells is an important step during the 
interaction with the bacteria, and regulators of the cell cycle play an important role during the 
formation of a nodule primordium (Cebolla et al., 1999). Once an IT has penetrated to the 
base of a root hair cell the bacteria must induce new rounds of IT formation in each successive 
cell layer. The earliest IT that penetrates the growing M. truncatula or M. sativa nodule must 
grow past the actively dividing cells in the developing nodule primordium (Foucher and 
Kondorosi, 2000).  
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Figure 5 : Structure of Nod factors.  
Nodulation (Nod) factors from Sinorhizobium meliloti and Rhizobium leguminosarum biovar 
viciae nodulate Medicago spp. or Pisum and Vicia spp., respectively. The backbone of beta1–
4-linked N-acetyl glucosamine residues can carry many different substituents depending on 
the rhizobial species. a) S. meliloti Nod factors carry a sulphate group (blue), which requires 
the bacterial proteins NodH, NodP and NodQ. b) At the equivalent location, a R. 
leguminosarum biovar viciae Nod factor carries an acetyl group (red), which requires NodX. 
This modification is specifically required for the nodulation of some types of P. sativum, 
which are homozygous for the Ps SYM2A locus. The NodF- and NodE-dependent acyl chains 
(green) can vary in their length and degree of saturation. Although the acetyl groups that are 
attached to the same residue by NodL are seen in Nod factors from both strains, they are 
absent from Nod factors of other rhizobial species. Other substitutions, which are not shown 
here, can be present in Nod factors from other rhizobia (Oldroyd and Downie, 2004). 
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Ultimately, cells adjacent to the initial primordium will give rise to a persistent nodule 
meristem that maintains a population of actively dividing cells and will continue to grow 
outward from the root for the life of the nodule (Figure 4) (Foucher and Kondorosi, 2000; 
Timmers et al., 1999). 
When bacteria reach the target tissue layer, i.e. the inner plant cortex, they must be 
internalized by a cortical cell and establish a niche within that cell. Each bacterial cell is 
endocytosed by a target cell in an individual, unwalled membrane compartment that 
originates from the infection thread (Brewin, 2004). The entire unit, consisting of an individual 
bacterium and the surrounding endocytic membrane, is known as the symbiosome.In 
indeterminate nodules, a bacterial cell and its surrounding membrane divides synchronously 
before the bacteria differentiate into nitrogen-fixing bacteroids (Figure 4) (Robertson and 
Lyttleton, 1984).  
 
 
III. Signalling in the rhizobium-legume symbiosis 
 
Signal exchange is key to nodule establishment and maintenance. Here I will review best 
known signals. 
1. Early symbiotic signals 
Flavonoid compounds (2-phenyl-1,4-benzopyrone derivatives) produced by leguminous 
plants are the first signals exchanged by legumes-rhizobia symbionts (Jones et al., 2007). These 
compounds once perceived by bacteria activate the nodulation (nod) genes to produce and 
secrete the lipo-chitooligosaccharidic (LCO) Nod factors (NF) (Dénarié et al., 1996). NF induce 
multiple responses required for nodulation of appropriate host plants, and are the best 
characterized signals exchanged between plant host and rhizobial symbionts. NF consist of a 
β-1,4-linked N-acetyl-D-glucosamine backbone which can differ in number not only between 
bacterial species but also within a single species (e.g. NGR234). NF are N-acylated at the non-
reducing terminal residue with acyl chains that can also vary between rhizobial species 
(Dénarié et al., 1996) (Figure 5). The nodABC operon encodes proteins that are required to 
make the core NF structure.  
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The products of other nod genes (and noe and nol genes) make modifications to NF that impart 
host specificity, including the addition of fucosyl, sulphuryl, acetyl, methyl, carbamoyl and 
arabinosyl residues, as well as  introducing differences to the acyl chain (Dénarié et al., 1996). 
Many rhizobial species produce more than one type of NF, but it is not yet possible to predict 
the range of possible host plants from the NF structure.   
AM fungi also secrete LCO compounds termed Myc factors almost identical to NF (Maillet et 
al., 2011). Myc Factors, although they have a similar to NF structure, are not able to induce 
nodulation on legume plant roots (Gough and Cullimore, 2011; Maillet et al., 2011). How 
plants discriminate between NF and Myc factors is a fascinating question.  
 
Some EPS have also been postulated as early symbiotic signals. Binding of rhizobia to plant 
surfaces is essential for establishing a long-term interaction of the bacteria with their hosts 
(Brencic and Winans, 2005). Rhizobial surface polysaccharides clearly play a critical role during 
infection and the best-understood interaction is the one between S. meliloti and M. 
truncatula. Most strains of S. meliloti produce two structurally distinct exopolysaccharides 
called succinoglycan (also known as EPSI) and galactoglucan (EPSII). Succinoglycan is a polymer 
of an octasacharidde repeating unit modified with acetyl, succinyl, and pyruvyl substituents 
(Reinhold et al., 1994), is more efficient than EPSII in mediating infection thread formation on 
M. sativa and is the only exopolysaccharide produced by S. meliloti that can mediate the 
formation of infection threads on M. truncatula (Glazebrook and Walker, 1989; Pellock et al., 
2000). A S. meliloti exoY mutant, which cannot produce any succinoglycan, can form CCRHs 
but initiates almost no infection threads, these mutants remain trapped in a microcolony at 
the tip of the root hair (Cheng and Walker, 1998). An S. meliloti exoH mutant produces 
succinoglycan that lacks the succinyl substituent, and this mutant forms abortive infection 
threads (Cheng and Walker, 1998).  
Even if the role of EPSs in the success of infection processes is well established, the 
mechanisms by which they act remain to be elucidated. One possible role for these surface 
polysaccharide signals could be to affect plant cell defence responses (see IV.4) (D'Haeze and 
Holsters, 2004), although a positive signalling is also possible (González et al., 1996). Receptors 
for EPS are still unknown. 
The active component of EPSI and EPSII are low-molecular-weight forms, because S. meliloti 
mutants unable to produce these forms are defective for infection (González et al., 1996; Leigh  
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et al., 1985; Urzainqui and Walker, 1992). These findings point toward the possibility of 
polysaccharide fragments acting as signals, which fits with reports that addition of 
polysaccharide fragments can complement exopolysaccharide mutants (Djordjevic et al., 
1987; Leigh et al., 1985) 
EPS production depends on the concentration of available phosphate, which might be sensed 
by the bacteria during the process of nodulation (Brencic and Winans, 2005). Phosphate 
concentration is very low in the soil (1 to 10 μM) and considerably higher within plant tissues 
(10 to 20 mM) (Brencic and Winans, 2005). EPS II is produced preferentially under low-
phosphate conditions, whereas succinoglycan synthesis is stimulated at high concentrations 
of phosphate (Mendrygal and González, 2000). This suggests that inside the plant, bacteria 
produce EPS I rather than EPS II, which is consistent with the observation that although both 
EPS can mediate nodule invasion, EPS I is much more efficient in this process (Pellock et al., 
2000).  
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2. Early signal transduction 
Flavonoids exudates are perceived in S. meliloti by a variety of NodD proteins, which are 
members of the LysR family of transcriptional regulators (Brencic and Winans, 2005).  NodD 
proteins then bind to a “nod-box” promoter, which activates transcription of the downstream 
nod/noe/nol genes resulting in NF synthesis (Figure 6) (Oldroyd, 2013). 
NF exuded by rhizobia are sensed by receptor-like kinases with N-acetyl-glucosamine-binding 
lysine motif (LysM) in the extracellular domain (Gough and Jacquet, 2013). The LysM receptors 
NFP, LYK3 and LYK4 lead to activation of leucine-rich-repeat receptor-like kinases DMI2 and 
the nuclear potassium channel DMI1. DMI2 and DMI1 are active early in the epidermal 
pathway and are at the origin of calcium spiking. Decoding this calcium signature by the Ca2+ 
calmodulin-binding protein DMI3 and its interacting partner IPD3 triggers the transcription 
factors NSP1, NSP2, ERN1 and NIN. Together, these transcription factors are involved in the 
activation of ENOD genes to initiate the infection process and induce cortical cell divisions. 
However, root hair deformation occurs via a signalling pathway independent of calcium 
spiking (Oldroyd and Downie, 2008). Indeed, Nod factor-induced cytokinin signalling, that is 
calcium spiking-independent, might influence epidermal susceptibility to rhizobial infection by 
participating in the mechanisms that regulate early plant symbiotic genes (nodulins) (Frugier 
et al., 2008).The phytohormone cytokinin might be produced by the epidermis downstream 
of DMI3 and translocated to the cortex where it is sensed by the cytokinin receptor CRE1. 
Downstream of CRE1, local inhibition of polar auxin transport contributes to nodule 
primordium development (Mortier et al., 2012). Hence, NF perception by root hair cells leads 
to at least two signalling events: one that involves calcium spiking and gives rise to gene 
expression changes and one that is associated with root hair deformation (Oldroyd and 
Downie, 2008). Some of the genes involved in NF signalling also control development of the 
AM symbiosis, as part of the so-called common symbiotic pathway (CSP) (Gough and 
Cullimore, 2011). 
 
3. Late symbiotic signal: oxygen-controlled regulatory system 
Bacteroids need oxygen to generate ATP, which is required in large amounts for the energy-
costly nitrogen fixation.  
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However nitrogenase is extremely oxygen sensitive, thus some considerable physiological 
constraints on diazotrophy have to be imposed in order to protect the enzyme activity from 
oxygen damage (Dixon and Kahn, 2004). Therefore, a physiological paradox arises from the 
aerobic requirement of bacteroid metabolism compared with the extreme oxygen sensitivity 
of nitrogenase.  Protection against oxygen is provided by the nodule environment through a 
cortical diffusion barrier so that the main route of oxygen diffusion is through the nodule apex, 
which generates a longitudinal oxygen gradient (Figure 7A). Oxygen diffusion is facilitated in 
the central zone by a high concentration of leghemoglobin, which accumulates in plant cells 
cytoplasms and binds oxygen with an extremely high affinity (Appleby, 1992). Its role is to 
buffer the oxygen concentration and control the diffusion of oxygen to the actively respiring 
bacteroids. The combination of leghemoglobin and the oxygen diffusion barrier leads to an 
extremely low concentration of free oxygen around the bacteroids. As a result, the free oxygen 
concentration drops to less than 50 nM in the central nitrogen-fixing zone containing 
bacteroids. The actual signal, therefore, that triggers transcription of nitrogen fixation genes 
is the drop in oxygen level that bacteria experience within the nodule. A gradient of oxygen 
was shown to exist inside nodules, and the expression pattern of the nitrogen-fixation genes 
corresponded to the distribution of oxygen along the nodule (Soupène et al., 1995). Oxygen 
concentrations are sensed by the bacteria through at least two proteins, FixL and NifA. At low 
oxygen concentrations, these proteins are active and are responsible for induction of genes 
involved in the fixation of nitrogen. Indeed, in the absence of oxygen, FixL autophosphorylates 
and transfers the phosphoryl group to FixJ (David et al., 1988) resulting in FixJ activation. FixJ 
in turn activates transcription of the regulatory fixK and nifA genes, whose products regulate 
transcription of the rest of the nitrogen fixation genes (Figure 7B) (Bobik et al., 2006). 
Oxygen concentration is the major signal controlling the expression of nif and fix genes 
responsible for full nitrogenase activity (Soupène et al., 1995). Effect of oxygen on plant gene 
expression is not known. 
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IV. Negative control of symbiosis 
 
1. Nodule number is controlled by phytohormones and CLE peptides  
The nitrogen fixation process and nodulation itself are very costly for both plants and bacteria, 
thus the symbiosis has to be tightly controlled to avoid detrimental interactions and to ensure 
mutualism. Two well characterized ways that control the interaction are the control of nodule 
number by negative regulators such as phytohormones and a mechanism called 
autoregulation of nodulation (AON).   
a) Hormonal control 
The phytohormones ethylene, abscisic acid (ABA) and jasmonic acid (JA), which are also known 
to act during plant defence reactions, negatively regulate nodulation by modifying epidermal 
responses possibly because of  their impact on Ca2+ spiking (Mortier et al., 2012). NF-induced 
ethylene production inhibits nodulation, suggesting that a local negative feedback controls 
nodule number (van Spronsen et al., 1995). Indeed, by eliminating the NF-signalling pathway 
either at or during the NF-induced Ca2+ spiking, ethylene inhibits root hair deformation, 
shortens the Ca2+ spike period, blocks bacterial infection and supresses nodulin gene 
expression (Oldroyd et al., 2001). In absence of ethylene actions, nodule formation is 
enhanced, whereas exogenous ethylene decreases  nodule number (Nukui et al., 2000). These 
findings have been confirmed by the identification of sickle (skl), an ethylene-insensitive 
hypernodulation mutant of M. truncatula (Penmetsa and Cook, 1997; Penmetsa et al., 2003; 
Penmetsa et al., 2008). skl mutants display an exaggerated nodule number in the specific 
nodulation zone and uncontrolled growth of infection threads (Penmetsa and Cook, 1997; 
Penmetsa et al., 2003; Penmetsa et al., 2008).  
ABA is believed to negatively influence nodulation at two different levels. On the one hand, at 
the nodule initiation level, ABA would interfere with NF signalling and affect the nature of the 
NF-induced Ca2+ spiking, reducing the nodule number; on the other hand, at the nodule 
development level, ABA would suppress cytokinin-dependent organogenesis (Mortier et al., 
2012).  
JA decreases NF-induced Ca2+ spiking and nodulation, with a similar effect as ethylene, 
influencing the number of cells able to induce Ca2+ spiking (Oldroyd and Downie, 2008). 
However, at lower concentration, JA can regulate the frequency of Ca2+ spiking. 
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Figure 8: Model proposed for long-distance autoregulation signaling in legume-rhizobia 
symbiosis.  
(1) Perception of the bacterial Nod factor is the start of the autoregulation of nodulation. (2) 
CLE peptides are proposed to arise in developing nodules in the roots and is further 
transmitted through the shoot. (3) CLE peptides are perceived in shoots by CLAVATA-like 
receptor kinases. (4) A shoot-derived inhibitor (SDI) signal is generated in shoots and 
translocated to the roots where it inhibits further nodulation. The SDI could act by indirectly 
downregulate cytokinin signalling. Adapted from Betsuyaku et al 2011.  
 
52 
 
Therefore, JA modulates the nature of NF-induced Ca2+ spiking (Oldroyd and Downie, 2008), 
indirectly via its own concentration.  
Altogether, these findings would suggest that hormone imbalance can indeed affect nodule 
number. 
 
b) AON  
In addition to local control mechanisms, split-root experiments have revealed that long-
distance mechanisms exist, which control nodule numbers (Kosslak and Bohlool, 1984). In 
addition to skl, screens for supernodulation mutants of legumes revealed a class of mutants, 
hypernodulation aberrant root formation 1 (har1) in Lotus japonicus, nodule autoregulation 
receptor kinase (nark) in soybean, and supernumerary nodules (sunn) in M. truncatula, that 
are defective in AON (Oldroyd and Downie, 2008). These mutants all show excessive 
nodulation. Grafting revealed that this mode of regulation is shoot specific, because a mutant 
shoot grafted onto a wild-type root displays a mutant phenotype in the root (Delves et al., 
1986). HAR1, NARK, and SUNN proteins are leucine-rich repeat receptor-like kinases (LRR-RLK) 
whose inactivation results in hypernodulation. These LRR-RLK belongs to a large family of 
receptor kinases similar to CLAVATA1 (CLV1), a receptor-like kinase involved in shoot 
meristem identity in Arabidopsis (Batut et al., 2011; Williams and Fletcher, 2005). CLV1-like 
LRR-RLK receptor kinases become activated upon binding of peptides belonging to the 
CLAVATA3/endosperm-surrounding region (CLE) family. CLE peptides are small secreted 
peptides composed of 12-13 conserved amino acids that are cleaved from the C-terminal end 
of CLE preproteins (Wang and Fiers, 2010). In L. japonicus, autoregulation is mediated by CLE-
RS genes that are specifically expressed in the developing root nodule, and the receptor kinase 
HAR1 that functions in the shoot. Recently, Okamoto and coworkers have shown that 
arabinosylated CLE-RS peptides indeed directly bind to HAR1. In addition, CLE-RS2 
glycopeptide specifically produced in the root is found in xylem sap collected from the shoot. 
Thus Okamoto and colleagues propose that CLE-RS glycopeptides are  mobile signals 
responsible for the initial step of AON (Figure 8) (Okamoto et al., 2013). Thus, CLE peptides 
are a long-range signal translocated to the shoots where it could induce the 
formation/activation of an unknown shoot-controlled inhibition (“shoot-derived inhibitor”,  
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that could be  cytokinin, see above) mechanism and prevent the roots from excessive nodule 
formation (Figure 8) (Mortier et al., 2012). 
In addition to the shoot-regulated hypernodulation mutants, other mutants have been 
identified, such as too much love (tml) from L. japonicus and root determinated nodulation1 
(rdn1) from M. truncatula that systemically inhibit nodulation and of which the 
hypernodulation phenotype is controlled by the root (Mortier et al., 2012).  
Interestingly, Saur and coworkers have recently demonstrated a crosstalk between the NF 
signalling pathway and AON. Indeed, they have shown that NIN induces expression of 
MtCLE12 which via SUNN inhibits cytokinin signalling indirectly in up-regulating the shoot-
derived-inhibitor (Saur et al., 2011). 
 
Another signal controlling nodule number is the level of nitrate. High concentrations of 
nitrogen compounds inhibit nodule formation at different stages of the process, regardless of 
plant age, nodule size or former inoculation events (Mortier et al., 2012). Via split-root 
experiments with M. truncatula, nitrate limitation has been demonstrated to result in both 
local and systemic regulation of nodulation that partially depended on SUNN (Jeudy et al., 
2010). Interestingly, Okamoto et al reported that LjCLE-RS2 transcripts are strongly up-
regulated in response to nitrate, which indicates that nitrate responsiveness of nodulation is 
mediated by LjCLE-RS2 (Okamoto et al., 2009). Thus, LjCLE-RS2 is responsible for AON via HAR1 
but is also involved in nitrate-dependent regulation of nodulation in a HAR1-dependent 
manner (Okamoto et al., 2009). 
As the molecular network governing nodule organogenesis is linked with the one that control 
infection process in legumes, it is tempting to speculate that there is probably a mechanism 
similar to AON responsible for the negative control of infection during Sinorhizobium meliloti-
Medicago symbiosis.  
2. NCR peptides control bacteroid differentiation 
The host plant exerts control over the survival of bacteria within the symbiosome, and provide 
nutritional support and the correct micoaerobic environment required for nitrogen fixation. 
Bacteroids of S. meliloti from M. truncatula nodules undergo endoreduplication to yield a 
chromosome count of 24 compared to one to two for free-living bacteria (Mergaert et al., 
2006). 
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M. truncatula bacteroids, but not free-living bacteria, are permeable to propidium iodide, 
indicating enhanced membrane permeability (Mergaert et al., 2006), and these bacteroids are 
terminally differentiated  and so cannot be cultured from nodules.  
More than 400 nodule specific cysteine-rich peptides (NCR) are induced in M. truncatula that 
control bacteroid differentiation. These peptides induce membrane permeabilization, 
endoredupication, and loss of viability in free-living S. meliloti, all features characteristic of the 
bacteroid form (Van de Velde et al., 2010). NCR peptides are similar to defensine-like 
antimicrobial peptides that are part of the innate immune system in animals and plants (Alunni 
et al., 2007; Mergaert et al., 2003). They colocalize with bacteroids (Van de Velde et al., 2010) 
and targeted secretion across the peribacteroid membrane appears to be the function of a 
plant signal peptidase encoded by DNF1 (Wang et al., 2010a). DNF1 is required to target these 
cysteine-rich peptides to symbiosomes where they are incorporated into bacteroid 
development (Wang et al., 2010a). Mutation of Medicago dnf1 blocked bacteroid 
differentiation (Wang et al., 2010a), and the NCR peptides became trapped in the endoplasmic 
reticulum rather than in the bacteroid (Van de Velde et al., 2010).  
Interestingly, the bacteria have evolved in order to survive in the host. Indeed, the BacA 
protein from S. meliloti is involved in protecting rhizobia against legume NCR peptides by 
reducing their antimicrobial activity. How BacA proteins achieve this protection is not yet fully 
understood. BacA is essential for bacteroid development and survival (Glazebrook et al., 1993) 
and may promote uptake or export of the NCR peptides (Marlow et al., 2009). BacA is an 
integral membrane protein in bacteria that belongs to the ATP binding cassette (ABC) 
superfamily of membrane transporters (Kereszt et al., 2011). S. meliloti bacA mutant is unable 
to support nitrogen-fixing symbiosis although it is not impaired in nodule formation, infection 
thread development or host cell entry. Instead of differentiating into nitrogen-fixing 
bacteroid, the bacteria are rapidly killed after the release from infection threads (Glazebrook 
et al., 1993). The absence of bacteroid development in bacA mutants would result from the 
lack of peptides transported to the symbiosomes, similarly to what happens in the dnf1 
mutant, or a modification of cell envelope, that makes it more sensitive to plant peptides  
These indications suggest that the bacteroid state may be forced upon rhizobia by the host 
plant and may also reflect a level of control that ensures that bacteria remain beneficial to the 
plant.  
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3. Evidence for a negative regulation of infection 
Little is known about mechanisms involved in the negative regulation of infection. So far, only 
plant proteins have been identified to be responsible for a putative feedback mechanism. NF 
signalling is essential during bacterial infection and specific NF receptors control NF 
recognition in this process. In M. truncatula, an entry receptor is encoded by LysM receptor-
like kinase 3 (LYK3) and this LysM receptor-like kinase is involved in recognition of specific NF 
structures made by S. meliloti (Oldroyd et al., 2011). The regulation of these receptors and 
possibly their specific location within the plasma membrane is important during the infection 
process. An E3 ubiquitin ligase, Plant U-box protein 1 (PUB1), interacts with and is 
phosphorylated by LYK3 (Mbengue et al., 2010). RNAi knockdown of PUB1 in a lyk3 mutant 
(which normally forms aborted ITs) resulted in partial restoration of infection, demonstrating 
that PUB1 negatively regulates bacterial infection and that it may be regulated by LYK3. 
In both L. japonicus and M. truncatula, cytokinin regulation of NIN depends on LHK1/MtCRE1. 
In L. japonicus, lack of LHK1 function leads to hyperinfection (Murray et al., 2007), suggesting 
that cytokinin signalling has a role in limiting infection events. Although the role of cytokinin 
is likely to be complex, one mechanism might involve LHK1/MtCRE1-mediated nodule 
primordium inception in the root cortex, which in turn stimulates feedback loops that restrict 
root susceptibility to rhizobial infection (Frugier et al., 2008).  
It is difficult to uncouple nodule organogenesis and IT formation. Indeed, most of the time, 
mutants leading to hyperinfection phenotypes are also impaired in AON and thus display 
hypernodulation phenotype or on the contrary, present less or no nodules on the plant root. 
In Medicago for example, the EFD transcription factor is a negative regulator of nodulation 
and infection in a way that remains to be elucidated but that may also involve cytokinin 
signalling (Vernié et al., 2008).  
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Figure 9 : Model for the modulation of host immunity in the Rhizobium-legume symbiosis.  
A, Roots exudates recruit Rhizobium bacteria and secreted flavonoids prime the microsymbionts for the 
interaction. Host plants initially recognize rhizobia as potential invaders; pattern-recognition receptors
(PRR) in the host perceive microbe-associated molecular patterns (MAMPs, yellow-colored shapes) and
a signalling cascade is initiated that results in MAMP-triggered immunity (MTI). B, Surface 
polysaccharides (SPS) function early during the interaction, most likely as extracellular effectors to 
facilitate immune evasion. At later stages, the establishment of the symbiotic program in the plant cells, 
which is activated upon perception of the rhizobial nodulation (Nod) factors, counteracts the MTI with 
mechanisms yet to be defined. Rhizobial effectors that are secreted through the type III secretion system 
(brown-colored shapes) may assist in the suppression of the MTI response or act as symbiotic 
determinants. C, In the case that host resistance (R) protein recognizes a cognate rhizobial effector, 
effector-triggered immunity (ETI) is activated that, in turn, terminates the interaction as incompatible. 
Zamioudis and Pieterse 2012 
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V. Bacterial escape of plant immunity 
 
It remains to be determined how the host plants tolerate such intimate contact with inviding 
rhizobial bacteria without attacking the invaded tissues. Plants, as well as animals, can mount  
innate immune responses to microorganisms in response to the perception of conserved 
microbial factors (microorganism-associated molecular patterns or MAMPs) (Zamioudis and 
Pieterse, 2012). This usually results in the activation of signalling cascades, and the production 
of antimicrobial effectors that help the organism ward off microbial attack (Zamioudis and 
Pieterse, 2012). The MAMP-induced defence responses mounted in host plants are 
collectively referred to as MAMP-triggered immunity (MTI) (Jones and Dangl, 2006). In the 
interaction between plants and rhizobial bacteria, some bacterial factors activate innate 
immune responses whereas other bacterial factors suppress these responses (Figure 9) 
(Zamioudis and Pieterse, 2012).  
 
1. Rhizobia reduce stimulation of the host immune system 
In order to evade detection by the host immune system, microbes have evolved ways to 
minimize recognition of their MAMPs. Flagellin, the major structural protein of flagella, is one 
of the best studied bacterial protein that is recognized as a MAMP by the plant immune system 
(Boller and Felix, 2009). In Arabidopsis, flagellin is perceived by the FLAGELLIN-SENSING 2 
(FLS2) receptor, which leads to activation of plant defences. The immunogenic properties of 
flagellin reside in the highly conserved N-terminus of the molecule. Flg22, a synthetic 22-
amino-acid peptide that corresponds to the conserved N-terminus of flagellin, is an elicitor of   
basal defence responses in many plant species (Boller, 2005). Recently, Lopez-Gomez and 
coworkers (Lopez-Gomez et al., 2012) demonstrated that flg22 triggered defence responses 
in the roots of L. japonicus that negatively influence nodulation by inhibiting rhizobial 
infections and delaying the nodule organogenesis. However, S. meliloti, along with many other 
α-proteobacteria do not have the conserved flagellin epitope, and neither the crude flagellin 
extracts nor the corresponding flg22 synthetic peptide are able to elicit defence responses 
(Altschul et al., 1990; Felix et al., 1999). L. japonicus is able to respond to flg22 but does not 
respond to purified flagellin from Mesorhizobium loti, suggesting that LjFLS2 is unable to sense 
flagellin molecules (Lopez-Gomez et al., 2012).  
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These indications suggest that immune selective pressure exerted by the putative FLS2 
orthologs of the leguminous hosts forced the emergence of escape mutations within the 
active flagellin epitope, hence providing the microsymbionts with an evolutionary of reducing 
stimulation of the host’s immune system (Zamioudis and Pieterse, 2012). 
 
2. Rhizobia supress host defence responses 
Plants respond to MAMPs with basal defence responses that can impart a measure of 
resistance to infection (Abramovitch et al., 2006). Basal defences include increases in 
extracellular pH, ethylene, reactive oxygen species (ROS) and reactive nitrogen species, 
phenolic compounds and changes in intracellular Ca2+, as well as cell signalling cascades and 
transcriptional changes (Abramovitch et al., 2006).  
Several rhizobial MAMPs have been identified that play a role in immune suppression in 
leguminous hosts, including common structural components such as lipopolysaccharides (LPS) 
and exopolysaccharides (EPS).  
LPS are structural components of the outer membrane of gram-negative animal and plant-
associated bacteria and potent activator of host immune responses (Zeidler et al., 2004). 
Purified LPS of S. meliloti bacteria was shown to provoke typical immune responses in cell 
cultures of the non-host tobacco. However, cell cultures of the host plant M. sativa only 
weakly responded to S. meliloti LPS (Albus et al., 2001). Surprisingly, simultaneous application 
of S. meliloti LPS and a yeast elicitor to alfalfa cells resulted in the suppression of the elicitor-
induced oxidative burst, indicating that LPS may act to supress host defences (Albus et al., 
2001; Scheidle et al., 2005). Importantly, the ability of S. meliloti LPS to suppress elicitor-
triggered defence responses is not only restricted to early events, such as the oxidative burst, 
but is also related to a global downregulation of the elicitor-induced transcriptional 
reprogramming (Tellström et al., 2007). The mechanism underlying the immune-suppressive 
effects of rhizobial LPS is yet to be identified (Zamioudis and Pieterse, 2012). 
EPS produced by a rhizobial species actively suppress defence responses in the host plant 
(Mithöfer, 2002). Indeed, early studies have shown that failed infections by EPS-deficient 
rhizobial mutants are associated with the induction of defence responses such as callose 
deposition and production of antimicrobial compounds, indicating that EPS are involved in 
suppressing plant defence responses in the Rhizobium symbiosis (Niehaus et al., 1993).  
63 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
64 
 
Microarray analysis further revealed that M. truncatula roots inoculated with the S. meliloti 
EPS-deficient mutant exoY more strongly induced the expression of defence-related genes 
than roots inoculated with the wild-type strain, indicating that EPS are required for efficient 
downregulation of host defence responses during early stages of infection (Jones et al., 2008). 
Interestingly, Aslam and coworkers have shown that pathogens EPS suppress plant defence 
reaction through their polyanionic nature and their consequent ability to chelate divalent 
calcium ions (Aslam et al., 2008), thereby blocking calcium influx into the cytosol, which is an 
essential step for the activation of MTI responses. Hence, calcium chelation may be an 
important mechanism underlying the immune-suppressive effects of rhizobial EPS.  
 
Interestinly, rhizobia are also able to suppress host defence responses utilizing the Nod 
signalling pathway. (Shibuya and Minami, 2001). Indeed, the chitin receptor of rice (Oryza 
sativa) is a LysM-domain-containing protein, as are the Nod factor receptors MtNFP and 
MtLYK3 (Kaku et al., 2006). Chitine is another general elicitor that induces plant innate 
immune responses, such as the oxidative burst (Shibuya and Minami, 2001). This response 
helps plants defend themselves against fungal attack, as chitin is a component of fungal cell 
walls. One possibility is that plant proteins containing extracellular, chitin-interacting LysM 
domains were co-opted in the legume lineage to recognize bacterially produced 
lipochitooligosaccharide Nod factors (Jones et al., 2007). Recently, it has been shown that 
nonlegumes such as Arabidopsis thaliana recognize the rhizobial NF via a mechanism that 
results in strong suppression of MAMP-triggered immunity (Liang et al., 2013).  
Interestingly, rhizobia suppress salicylic acid-dependent responses by utilizing also the Nod 
factor signalling pathway (Zamioudis and Pieterse, 2012).  
 
3. Plant immunity is key to symbiosis 
Even if it has been shown that inactivation of plant pathogenicity is necessary to bacterial 
survival in the host plant and to symbiosis (Marchetti et al., 2010), plant immunity has also a 
positive role. Indeed, microbial glycans, such as bacterial peptidoglycans, fungal chitin or 
rhizobacterial Nod factors (NFs), are important signatures for plant immune activation or for 
the establishment of beneficial symbioses. Plant LysM domain proteins serve as modules  
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mediating recognition of these different N-acetylglucosamine (GlcNAc)-containing ligands, 
suggesting that this class of proteins evolved from an ancient sensor for GlcNAc. During early 
plant evolution, these glycans probably served as immunogenic patterns activating LysM 
protein receptor-mediated plant immunity and stopping microbial infection. The biochemical 
potential of plant LysM proteins for sensing microbial GlcNAc-containing glycans has probably 
since favored the evolution of receptors facilitating microbial infection and symbiosis (Gust et 
al., 2012). 
Interestingly, the AON phenomenon has striking mechanistic similarities with induced 
systemic resistance or systemic acquired resistance ( i.e. two forms of induced resistance 
wherein plant defences are preconditioned by prior infection or treatment that results in 
resistance against subsequent challenge by a pathogen or parasite) because, in all these cases, 
a microbial infection in local tissues leads to resistance against secondary infections in distant 
plant parts (Zamioudis and Pieterse, 2012). A possible connection between AON and defence 
signalling is supported by the fact that several autoregulation mutants such as skl  are 
hypersusceptible to nematode and pathogen infection (Zamioudis and Pieterse, 2012). 
It has been proposed that autoinhibition is controlled by the plant by the abortion of infection 
threads (Vasse et al., 1993). Late-initiating ITs that abort are associated with necrotic cells, 
and with the accumulation of defence-related proteins and phenolic compounds in plant cells 
and cell walls. This type of cellular damage is also found near aborted IT and failed 
symbiosomes formed by M. truncatula lin, nip, and sym6 mutants, and aborted IT formed on 
wild-type M. sativa plants by S. meliloti exoY mutants (Dickstein et al., 1988; Kuppusamy et 
al., 2004; Niehaus et al., 1993; Tirichine et al., 2000; Vasse et al., 1993; Veereshlingam et al., 
2004). It remains to be determined whether plant defence responses are a cause of IT abortion 
or a consequence of the failure of IT progression in those mutants. It is also known that plant 
glycoprotein that are associated with the IT matrix become crosslinked during symbiosis, 
probably by ROS generated in the IT (Shibuya and Minami, 2001). One hypothesis is that 
solidification of the IT matrix, as a result of this crosslinking, generates a mechanical force that 
helps the ingrowth of the IT to proceed (Brewin, 2004). The production of ROS by plants is 
often part of a defence response against invading pathogens. One possibility is that the 
facilitation of IT progression by ROS is one way that rhizobial bacteria have adapted a plant 
defence response for their own benefit (Jones et al., 2007). 
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B. Signal transduction by Adenylate Cyclases  
 
I. Signal transduction in bacteria is dominated by two-component systems and cyclic 
nucleotide signalling 
The term signalling can be inclusively defined as the set of mechanisms by which cells detect 
and relay environmental and intracellular stimuli to activate the appropriate responses to 
them. Dissection of the molecular mechanisms of signalling has been and still is a major facet 
of modern biochemistry and molecular biology. Two main systems emerged from the last 
decades of studies on bacteria: the phosphorelay two-component systems (TCS) and cyclic 
nucleotide-based signalling.  
1. Two-component phosphorelay systems 
Bacteria thrive instantaneously in response to rapidly changing environment. It has been 
established that the His-Asp phosphorelay, formely described as the two-component system 
is the predominant mode of signal transduction in bacteria in response to environmental 
stress (Egger et al., 1997; Gao and Stock, 2009). In contrast to the cascade of protein 
phosphorylation and dephosphorylation events in eukaryotes using protein tyrosine or 
serine/threonine kinases and phosphatases, the TCS in bacteria efficiently and reversibly 
regulate gene expression or cellular locomotion. The multiple steps in eukaryotes may have 
evolved to impart specificity, to coordinate the transfer of signals to multiple cellular 
compartments, and for extreme amplification of the signal.  
Although TCS was initially thought to be restricted to the prokaryotic world, it should be 
emphasized that many instances have been uncovered in diverse eukaryotic species, including 
higher plants, yeast, and fungi (Oka et al., 2002). However, to my knowledge, no TCS has been 
described in Humans so far. 
A classical His-Asp phosphorelay system consists of two types of common signal transducers, 
a “sensor kinase (HK)” that exhibits a histidine (His)-kinase activity and a “response regulator 
(RR)” containing a phospho-accepting aspartate (Asp) in its “receiver” domain (Parkinson and 
Kofoid, 1992). A crucial event underlying this signal transduction mechanism is a His-Asp 
phosphorelay from an HK to its cognate RR. The HK is typically the input component of the  
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pathway, designed to sense stimuli and correspondingly regulate the signalling pathway. The 
RR is typically the output of the system, regulated by the HK and effecting the cellular 
response. The HK autophosphorylates at a His residue, creating a high-energy phosphoryl 
group that is transferred to an Asp residue of the RR, inducing a conformational change that 
activates the RR to elicit the response. The autophosphorylation and/or RR phosphatase 
activities of the HK control the level of RR phosphorylation and hence the output response. 
Auxiliary proteins that regulate the activities of the HK or that influence the stability of RR 
phosphorylation can augment this basic sheme, and many two-component pathways actually 
consist of more than two proteins. Additionally, the phosphotransfer pathway can be 
expanded into phosphorelay pathways, with two or more phosphotransfers between multiple 
His-and Asp-containing proteins (Gao and Stock, 2009). 
When the entire nucleotide sequence of the model bacterium Escherichia coli has been 
determined, it was revealed that this prokaryotic microorganism has 29 HKs and 32 RRs 
(Mizuno, 1997). Indeed, most bacteria contain many TCS that regulate a wide variety of 
behaviors, including fundamental processes such as metabolism and motility as well as 
specialized processes such as virulence and development (Gao and Stock, 2009).  
S. meliloti has 40 HKs and 58 RRs (Hagiwara et al., 2004). Among them, two at least have a key 
symbiotic function. The ExoS/ChvI two component regulatory system is a regulator of 
succinoglycan production. L. Bélanger and colleagues have recently demonstrated that this 
TCS is essential for symbiosis with alfalfa (Bélanger et al., 2009). Another well-known two-
component regulatory system in S. meliloti is FixLJ (Figure 6B). As described above, in response 
to low oxygen conditions, FixLJ controls expression of genes involved in nitrogen fixation and 
respiration via two intermediate regulators NifA and FixK, respectively (Bobik et al., 2006). 
2. An overview of secondary messengers  
The second messenger signalling systems generate a second messenger in response to a 
primary stimulus and this second messenger is further recognized by specific sensors that 
further relay the signal to targets (Aravind et al., 2010). Contrary to TCS, signal transduction 
in second messenger signalling systems involves a diffusible molecule.  
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Figure 10 : Nucleotide second messengers.                                                
(A) Structure of nucleotide second messengers found in bacteria. (B) Role of cyclic nucleotide 
messengers in bacteria. 
Kalia et al 2013 
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The most prevalent secondary messengers in bacterial systems are cyclic nucleotides cAMP 
and cGMP, cyclic diguanylate, cyclic diadenylate and the alormone (p)ppGpp (Aravind et al., 
2010) (Figure 10A). 
Cyclic nucleotide second messengers represent a cornerstone signal transduction mechanism 
in all domains of life (Figure 10B). Cyclic adenosine 3',5'-monophosphate (cAMP) and cyclic 
guanosine 3',5'-monophosphate (cGMP) are the best known nucleotide messengers in 
eukaryotes.  
cAMP and cGMP 
In 1957, Earl Sutherland, who received the Nobel Prize in 1971, discovered that cAMP 
mediated the hyperglycemic effects of epinephrine and glucagon (BERTHET et al., 1957). The 
presence of cAMP in prokaryotes was first reported in the early 1960’s in Brevibacterium 
liquefeciens (OKABAYASHI et al., 1963) and  E. coli (MAKMAN and SUTHERLAND, 1965). At the  
same time, in 1963, cGMP was isolated from rat urine (ASHMAN et al., 1963) and it took a 
decade before it was demonstrated in 1974 that cGMP also existed in prokaryotes (Bernlohr 
et al., 1974).  
cAMP and cGMP are universal second messengers in eukaryotic intracellular signal 
transduction pathways. In human, they play important roles in cellular processes such as 
vision, electrolyte homeostasis, and smooth muscle relaxation by modulating the activity of 
protein kinases (Francis and Corbin, 1999) and ion channels (Kaupp and Seifert, 2002; Lucas 
et al., 2000). In bacteria, cAMP together with its receptor protein CRP, regulates important 
processes such as catabolite repression, biofilm formation, type III secretion, virulence gene 
expression and quorum sensing (Botsford and Harman, 1992; Kalia et al., 2013; Linder, 2010). 
The role of cGMP in bacteria is poorly understood so far. Adenylate and guanylate cyclases 
catalyse the synthesis of cAMP and cGMP respectively, both in prokaryotes and eukaryotes. 
There are six different classes of adenylate cyclases, as described later, the class III is the 
universal class found in both eukaryotes and prokaryotes. The only known bacterial guanylate 
cyclase that has higher specific activity for synthesizing cGMP than cAMP is Cya2 from 
Cyanobacterium S. sp. PCC6803 (Rauch et al., 2008). Cya2 and all eukaryotic guanylate cyclases 
are closely related to type III adenylate cyclases, and, in fact, mutations in just few residues 
can change substrate specificities of these cyclases (Ryu et al., 2010; Sunahara et al., 1998).The 
hydrolysis of cAMP and cGMP is catalysed by cAMP- and cGMP-specific phosphodiesterases. 
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Although a considerable large body of work on cAMP signalling in bacteria has been 
performed, the biology of cGMP in bacteria remains largely unexplored.  
For several decades, bacteria have been known to use cAMP to control a variety of processes, 
from utilization of alternative sugars to motility and virulence. This will be described in details 
in section B.I.2-3. Over the last few years, the universe of bacterial cyclic nucleotide 
messengers has been rapidly expanding. (p)ppGpp, c-di-GMP and c-di-AMP control several 
key processes required for adaptation of bacteria (Gomelsky, 2011; Kalia et al., 2013). 
 
(p)ppGpp 
Cashel and co-workers first reported the existence of ppGpp (guanosine 3',5'-
bispyrophophate) and pppGpp (guanosine 3'-diphosphate, 5'-triphosphate) in E. coli (Cashel 
and Kalbacher, 1970) and it was later shown that the concentration of ppGpp and pppGpp 
increased during stress (Magnusson et al., 2005). Those unusual nucleotides (collectively 
known as (p)ppGpp) are produced as signalling “alormone” compounds in response to 
nutrient (amino acid (Cashel et al., 1996), phosphates (Spira et al., 1995), fatty acids (Battesti 
and Bouveret, 2006), carbon (Lapouge et al., 2008) and iron (Vinella et al., 2005)) starvation. 
Stress response coordinated by (p)ppGpp ultimately leads to a reduction in growth rate and is 
referred to as “stringent response” (Cashel et al., 1996). In E. coli and other gamma-
proteobacteria and beta-proteobacteria, the cellular concentration of ppGpp is governed by 
two homologous proteins, RelA, which is a monofunctional synthase, and SpoT, which is a 
bifunctional hydrolase-synthase enzyme (Kalia et al., 2013). RelA uses GTP and ATP to 
generate pppGpp, which is then converted to ppGpp. On the other hand, SpoT hydolyses both 
ppGpp and pppGpp to either GDP or pyrophosphate (PPi), or GTP and PPi respectively (Kalia 
et al., 2013). Interestingly, thanks to its bifunctional activity, SpoT can also synthesize 
(p)ppGpp from GTP and ATP as RelA does. (p)ppGpp regulates bacterial physiology via 
disparate mechanisms. It affects several biochemical processes in the cell including 
transcription, translation, and DNA replication (Kalia et al., 2013). 
 
c-di-GMP 
Although Benziman discovered c-di-GMP more than two decades ago, it is only in the last few 
years that the molecular details of c-di-GMP signalling, as well as the phenotypes associated  
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with increased intracellular c-di-GMP concentrations, have begun to emerge (Kalia et al., 
2013).  
c-di-GMP is associated with biofilm formation as well as virulence factor production in a 
number of clinically important bacteria and hence there is immense interest in c-di-GMP 
signalling (Jenal, 2004). 
The second messenger c-di-GMP regulates transition between two mutually exclusive 
lifestyles, motile single cells and sedentary multicellular communities (biofilms) (Kalia et al., 
2013). The intracellular concentration of c-di-GMP is controlled by its synthesis by diguanylate 
cyclases (DGC) and hydrolytic enzymes phosphodiesterases (PDE). These proteins are 
sometimes fused to well-recognized regulatory domains, such as phosphorylation receiver 
domain (REC) or Period clock protein, Aryl hydrocarbon receptor, Single-minded protein 
domain (PAS), which regulate the activities of the PDEs and DGCs (Kalia et al., 2013). DGCs 
contain the conserved catalytic domains GGDEF and PDEs, the conserved degradation domain 
EAL. Often, the two conserved domains are found on the same protein that thus have both 
synthesis and hydrolytic functions. Recently, Wang and coworkers have identified 19 putative 
GGDEF and EAL genes by bioinformatics analysis in S. meliloti (Wang et al., 2010b). Mutant 
analysis of 14 genes showed deficient growth in minimal medium and defective motility, and 
11 gene mutants produced a lot more exopolysaccharide and displayed less competitive 
nodulation on the host plant, alfalfa (Wang et al., 2010b). 
c-di-AMP 
c-di-AMP is synthesized by the condensation of two molecules of ATP, a process that is 
catalysed by c-di-AMP synthase proteins. One of the most well-studied c-di-AMP synthase 
protein is DisA, also known as DAC (diadenylate cyclase) (Witte et al., 2008). DisA is a DNA 
integrity scanning protein, which scans the chromosome for DNA double strand breaks 
(Oppenheimer-Shaanan et al., 2011). c-di-AMP synthesis activity is inhibited by the binding of 
damage DNA on DisA protein (Römling, 2008). This binding also enhances the expression levels 
of the c-di-AMP hydrolase enzyme, YybT (also called GdpP) (Oppenheimer-Shaanan et al., 
2011). YybT contains a DHH/DHHA1 domain, which possesses cyclic phosphodiesterase (PDE) 
activity, and  catalyses the conversion of c-di-AMP to 5'-pApA-3' (Rao et al., 2010). c-di-AMP 
delays  sporulation in Bacillus subtilis upon DNA damage (Römling, 2008). In Staphylococcus  
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Figure 11: cAMP translates environmental signals into regulatory outcomes.  
Adenylate cyclases (ACs) catalyse the conversion of ATP into cAMP and inorganic 
pyrophosphate while linking the remaining 5'phosphate with the 3'ribose carbon. cAMP is 
degraded by phosphodiesterases (PDEs), which catalyze the hydrolysis of the 3'linkage, leaving 
AMP. ACs can be activated directly or indirectly at the post-translational level by several 
environmental signals such as light, glucose depletion and gas. Indirect event, although other 
cytoplasmic factors might also be required. cAMP then relays the signal to downstream 
effector proteins either directly, by interacting with the downstream effectors, or indirectly, by 
allosterically activating one or more cAMP-binding proteins. These cAMP-binding proteins are 
themselves transcription factors. Adapted from McDonough and Rodriguez 2011.  
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aureus, c-di-AMP is implicated in processes that allow the cell to handle extreme membrane 
and cell wall stress, caused by reduction of the cell wall polymer, lipoteichoic acid (LTA) 
(Corrigan et al., 2011). When LTA becomes limiting, it has been observed that S. aureus contain 
elevated concentrations of c-di-AMP. Interestingly, c-di-AMP secreted by the intracellular 
bacterial pathogen Listeria monocytogenes is able to trigger the cytosolic pathway of innate 
immunity (Woodward et al., 2010). In Bacillus subtilis, depletion of a DAC protein leads to cell 
lysis (Luo and Helmann, 2012). Those findings suggest that c-di-AMP controls essential cellular 
pathways. 
Similar to other signalling molecules, c-di-AMP interacts with specific target proteins and upon 
binding alters their activity or function. Currently, very few bacterial c-di-AMP receptor 
proteins have been identified (Corrigan et al., 2013; Zhang et al., 2013).  
 
II. Role of cAMP in bacteria 
 
The role of cAMP in eukaryotic signal transduction has been the subject of numerous studies. 
Yet, despite more than four decades of research, the quantitative effect and physiological role 
of cAMP in bacteria remain the subjects of considerable debate. cAMP plays a role in 
regulating gene expression (Figure 11). cAMP involvement in catabolite repression is the best 
characterized way in environmental adaptation of bacteria and it is well described in the 
literature (see (Deutscher, 2008) for a review). However, the last review on the global role for 
cAMP in prokaryotes dates back to 1992 (Botsford and Harman, 1992). Since then, numerous 
studies have revealed a role for cAMP in environmental adaptation. Interestingly, an 
increasing recognition of the roles of cAMP in bacterial virulence, ranging from a potent toxin 
to a master regulator of virulence gene expression, has generated new interest in this second 
messenger. 
 
1. Role of cAMP in bacterial metabolism 
Carbon catabolite repression 
One of the earliest signalling systems ever discovered in modern biology is the cAMP-
dependent pathway in E. coli (MAKMAN and SUTHERLAND, 1965; Perlman et al., 1969).   
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This system is known to mediate carbon catabolite repression (CCR) (MAGASANIK, 1961), an 
ubiquitous phenomenon among microorganisms whereby the synthesis of catabolic proteins 
is inhibited when growing on glucose or other rapidly metabolizable sugars (Epps and Gale, 
1942; NEIDHARDT and MAGASANIK, 1957). In E. coli, it was long established that the uptake 
of glucose inhibited the synthesis of cAMP (Perlman et al., 1969), which is required for the 
expression of many catabolic genes through  activation of its receptor CRP (see B.IV) (Kolb et 
al., 1993). For example, transcription from the lacZYA operon of E. coli is essential for lactose 
utilization and is under the control of CCR. When both glucose and lactose are present, lacZYA 
transcription is inactive. This CCR regulation at the transcriptional level occurs because the 
transcriptional activator for lacZYA, CRP is kept inactive since cAMP synthesis is inhibited by 
glucose (see B.IV) (de Crombrugghe et al., 1984). Simultaneously, CCR is further achieved by a 
regulatory mechanism called inducer exclusion; glucose induces the dephosphorylation of a 
glucose-specific permease, PtsG, and dephospho-PtsG inhibits the action of lactose permease, 
LacY (Hogema et al., 1998; Kimata et al., 1997; Plumbridge, 2002). As a result, lactose is 
excluded from cells and a transcriptional repressor for lacZYA, LacI, is kept active. In the 
presence of only lactose, CRP and LacI become active and inactive, respectively, thereby 
facilitating lacZYA transcription. CCR is thus a complex regulatory phenomenon mediated via 
several mechanisms. Inducer exclusion is considered to be the major CCR mechanism in 
enterobacteriaceae. In those bacteria, inducer exclusion is mediated via components of the 
phosphoenolpyruvate (PEP):carbohydrate phosphotransferase system (PTS), which transports 
and phosphorylates carbohydrates (Deutscher et al., 2006).  
Recently, it has been described that the physiological function of cAMP is not centred on 
carbon metabolism per se as commonly thought; rather this pathway adjusts the proteomic 
resources with metabolic resources in different nutrient environments (You et al., 2013).  
CCR mechanisms have been extensively studied in Enterobacteriaceae (Escherichia, 
salmonella) and Firmicutes (bacilli, staphylococci, lactobacilli). PTS-independent CCR 
mechanisms are operative in several non-enteric proteobacteria and Streptomycetes 
(Deutscher, 2008). Rhizobia are able to utilize a wide range of compounds as carbon sources, 
such as sugars, amino acids, and tricarboxylic acid (TCA) cycle intermediates. Studies have 
shown that the C4-dicarboxylic TCA cycle intermediates succinate, fumarate, and malate 
support high rates of growth in laboratory medium and are used by rhizobia in preference to  
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carbon sources including glucose, fructose, galactose, lactose, and myo-inositol (Hornez et al., 
1994; Jelesko and Leigh, 1994; Poole et al., 1994; Ucker and Signer, 1978). The phenomenon 
of S. meliloti utilizing succinate and similar C4-dicarboxylic acids in preference to other 
compounds is called succinate-mediated catabolite repression (SMCR) (Bringhurst and Gage, 
2002). Contrary to E. coli, S. meliloti does not have a complete PTS. Thus, the S. meliloti PTS 
proteins do not function as part of a classical PTS pathway of phosphorylation and transport.  
However, they are involved in regulating SMCR (Pinedo et al., 2008). Unexpectedly, cAMP is 
not involved in this mechanism in S. meliloti (Ucker and Signer, 1978).  
 
cAMP involvement in Nitrogen metabolism 
As previously described, nitrogen fixation is a highly energy-intensive process. cAMP has been 
shown to influence the synthesis of several enzymes involved in ammonia assimilation in E. 
coli, including glutamine synthetase (Botsford, 1981; Mao et al., 2007). There are also some 
evidences for a role of cAMP in nitrogen metabolism in rhizobia. Indeed,  in Bradyrhizobium 
japonicum, exogenous cAMP represses formation of three enzymes involved in ammonia 
assimilation, including glutamine synthase, glutamate synthase, and glutamate 
dehydrogenase (Upchurch and Elkan, 1978). Interestingly, Catanese and coworkers have 
reported Adenylate cyclase activity in B. japonicum bacteroids, reinforcing the idea of a role 
of cAMP in symbiosis (Catanese et al., 1989). A cyaF5 mutant has been reported to enhance 
symbiotic abilities in S. meliloti (Sharypova et al., 1999), indicating a putative role for the 
second messenger in nitrogen fixation in this bacterium. More recently, Tian and coworkers 
have found that cAMP upregulates the expression of glnII and glnK-amtB genes, involved in 
nitrogen metabolism (Tian et al., 2006). 
The occurrence of cAMP has been rigorously demonstrated in the cyanobacterium Anabaena. 
In these bacteria, it has been demonstrated that the cAMP receptor protein AnCrpA regulates 
the expression of gene clusters related to nitrogen fixation in the presence of nitrate (Suzuki 
et al., 2007). 
 
Interestingly, it has been recently shown that cAMP is responsible for protein acetylation in 
Mycobacteria and this phenomenon could be implicated in carbohydrate and amino acid 
metabolism in these bacteria (Nambi et al., 2010; Xu et al., 2011).  
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2. Role of cAMP in development 
In Myxococcus xanthus, cAMP synthesis occurs during development and spore germination 
and throughout the life cycle, including the vegetative stage (Kimura et al., 2002; Kimura et 
al., 2005). Changes in intracellular cAMP concentration regulate the development of natural 
competence in Haemophilus influenzae (Macfadyen et al., 1998) and in E. coli (Cameron and 
Redfield, 2006). In the cyanobacterium Anabaena, which is a dessication-tolerant organism, 
the cAMP-binding protein AnCrpB, is involved in upregulating genes involved in DNA repair, 
protein folding and NAD synthesis, as well as genes responding to nitrogen depletion and CO2 
limitation during rehydration (Higo et al., 2007). Many of the bacteria capable of nitrogen 
fixation are dimorphic. The rhizobia change to bacteroids once a nodule is established. 
Azobacter spp. can form cysts, clostridia sporulate, and cyanobacteria are capable of many 
morphological variations. The role of cAMP in cyanobacteria is well studied. In these 
photosynthetic organisms, cAMP, together with cGMP is involved in response to changes in 
environmental conditions such as light, nutrient and oxygen (Cadoret et al., 2005; Ochoa de 
Alda and Houmard, 2000). Morphological variations in prokaryotes frequently appear to 
correlate with changes in cyclic nucleotide levels (Botsford, 1981; Botsford and Harman, 
1992). 
 
3. Role of cAMP in stress adaptation 
Two ACs CyaA and CyaB function as osmosensors in M. xanthus,   and thus synthesize cAMP 
in response to osmotic stress (Kimura et al., 2002; Kimura et al., 2005).  
In Anabaena, cAMP regulates respiration and oxidative stress during rehydration (Higo et al., 
2008). Indeed, during rehydration cAMP level increases dramatically and transiently through 
the action of CyaC. Disruption of cyaC increased respiratory  activity and oxidative damage 
after rewetting of the cells (Higo et al., 2008). Those finding suggest that cAMP represses the  
respiratory activity and suppresses oxidative damage during rehydration (Higo et al., 2008). In 
E. coli, decrease in cellular cAMP levels through multicopy expression of the 
phosphodiesterase encoding gene cpdA leads to the deregulation of CRP that, in turn, causes 
the derepression of rpoS, encoding the alternative sigma factor sigma(S), which activates the 
general stress response in this bacterium (Barth et al., 2009). Thus decrease in cAMP in E. coli  
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confers resistance to oxidative stress. However, contrary to many bacteria, there is only one 
AC in E. coli, CyaA, involved in CCR (see above). How cAMP can affect different signalling 
pathways in this bacterium remains unclear. 
 
4. Role of cAMP in biotic interactions 
In this part, I will focus on the multiple roles of cAMP in biotic interactions, with an emphasis 
on its importance in virulence gene regulation, host-pathogen interactions and the response 
of pathogens to their host environments. 
 
cAMP-associated gene regulation in host-bacteria interactions. 
The discovery of host-dependent AC toxins, which are secreted into host cells by several 
pathogens during infection, provided the first example of the role of cAMP in bacterial 
virulence (Botsford and Harman, 1992; Masure et al., 1987). More recently, it has become 
evident that cAMP is involved in other processes, as disruption of intracellular cAMP signalling 
attenuates virulence in numerous bacterial pathogens (see (McDonough and Rodriguez, 2012) 
for a review). cAMP has central roles in regulating biofilm formation, type III secretion, carbon 
metabolism and virulence gene regulation in many pathogens. In addition, several new 
strategies by which pathogens can modulate cAMP levels within host cells have recently been 
discovered (Bai et al., 2011). 
To understand how cAMP acts in host-pathogen interactions, it is important to understand 
how cAMP operates in eukaryotic host organisms. There are similitudes between eukaryotes 
and prokaryotes cAMP signalling. Indeed, cAMP is also synthesized by ACs and hydrolysed by 
phosphodiesterases in the host cells. Main differences lie in the first messenger perception by 
ACs and in the action of cAMP itself. In prokaryotes, the first messenger perception is directly 
sensed by the regulatory domain of ACs (see B.III) and, most of the time, cAMP performs its 
function directly through activation of the transcription regulator CRP (see B.IV). Eukaryotic 
ACs are activated by extracellular first messengers such as hormones, drugs, or 
neurotransmitters. The perception of these signals are made by G protein couple receptors 
(GPCR) that in turn activate or inhibit ACs activity (see B.III). 
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Figure 12 : Bacterial manipulation of host cAMP levels.  
Bacterial pathogens use numerous strategies to elevate cAMP levels within host cells 
during infection. (A) The exported host-activated bacterial adenylate cyclases (ACs) 
produced by Bordetella pertussis (CyaA), Bacillus anthracis (oedema factor EF) and 
Pseudomonas aeruginosa (ExoY) and the Yersinia pestis YpAC all trigger cAMP 
signalling pathways, but these have various effects in the host. (B) ADP-ribosylating 
exotoxins, such heat-labile enterotoxin (LT) from Escherichia coli, cholera toxin (CT) 
from Vibrio cholerae and pertussis toxin (PT) from B. pertussis, increase the activity of 
endogenous host ACs. LT and CT activate the stimulatory Gαs subunit of heterotrimeric 
guanine-nucleotide-binding proteins (G proteins), whereas PT inhibits the activity of 
the inhibitory Gαi subunit. (C) Another method is the direct secretion of cAMP into the 
infected macrophage by Mycobacterium tuberculosis. Adapted from McDonough and 
Rodriguez 2011.  
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Upon AC activation, the resulting cAMP activates  a cascade of kinases, the first of which was 
named protein kinase A (PKA) (Krebs, 1972). Since then a series of cAMP binding proteins have 
been identified in eukaryotes such as exchange proteins activated by cAMP (EPACs) and cyclic 
nucleotide gated channels (CNGCs) (Dhallan et al., 1990; Kopperud et al., 2003). However, a 
major breakthrough in cAMP research has been achieved with the discovery of PKA-regulated 
cAMP-response element binding protein CREB (Montminy and Bilezikjian, 1987). CREB in its 
active form participates in differential expression of target genes. Further direct actions of 
cAMP alone or cAMP-activated PKA can also exist in eukaryotic cells. 
cAMP is an important regulator of many cellular processes including immunity in eukaryotes. 
Disruption of host cAMP signalling is an effective virulence strategy used by many pathogens, 
and the numerous ways in which cAMP levels affect immune function make cAMP signalling 
a frequent target within host cells (Serezani et al., 2008). Elevated levels of cAMP can suppress 
innate immune functions by modulating the expression of inflammatory mediators, 
subverting the phagocytic response and reducing intracellular killing of ingested pathogens 
(Serezani et al., 2008) (Figure 12). The best studied microbial strategy for elevation of host 
cAMP levels is the production of toxins by bacteria (reviewed by (Ahuja et al., 2004; 
McDonough and Rodriguez, 2012). These toxins can be ACs themselves or toxins that 
modulate the activity of the endogenous host ACs by altering the function of G proteins. 
Another interesting way to modulate host cAMP signalling is the secretion of bacterial cAMP 
directly into host cells. This later mechanism has been recently discovered in M. tuberculosis 
(Agarwal et al., 2009; Bai et al., 2011; Bai et al., 2009).  
 
Elevation of host cAMP level by bacterial ACs 
Bacillus anthracis, the etiologic agent for anthrax, secretes oedema factor (EF) to disrupt 
intracellular signalling pathways. Upon translocation into host cells and association with a 
calcium sensor, calmodulin (CaM), EF becomes a highly active AC that raises the intracellular 
concentration of cAMP. EF plays a key role in anthrax pathogenesis by affecting cellular 
functions vital for host defense. This strategy is also used by Bordetella pertussis, a bacterium 
that causes whooping cough. Pertussis bacteria secrete the bifunctionl toxin CyaA which raises 
the intracellular cAMP. B. pertussis CyaA and B. anthracis EF have numerous and varied effects  
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on phagocytosis, apoptosis and leukocyte migration (Ahuja et al., 2004; Carbonetti, 2010; Kim 
et al., 2008; Maldonado-Arocho et al., 2006; Yeager et al., 2009). 
Despite their mechanistic similarities, CyaA and EF have different protein structures, enzyme 
kinetics, localization in the host cell and interactions with calmoduline (Guo et al., 2008; Rossi 
Paccani et al., 2009). CyaA is a single polypeptide that inserts into the plasma membrane of 
target cells (Vojtova et al., 2006). By contrast, EF is the toxic component of the oedema toxin 
ET that is taken up by receptor-mediated endocytosis and ultimately released into the host 
cytosol, where it resides in a perinuclear location (Young and Collier, 2007). CyaA and EF affect 
host immunity by tipping the balance towards the type of immune effectors that is least 
effective against them (Rossi Paccani et al., 2009) (Figure 12A).  
Pseudomonas aeruginosa also exports a host-dependent AC toxin (ExoY) that is activated by 
an unknown host factor (Yahr et al., 1998).  
 
Enhancement of host cAMP level by bacterial modification of hosts ACs activity  
A second approach for increasing the cAMP levels in host cells is to modify activation of host 
ACs via G proteins (Krueger and Barbieri, 1995; Lory et al., 2004; Serezani et al., 2008). The 
cholera toxin (CT) of V. cholerae, E. coli heat-labile enterotoxin (LT), and B. pertussis toxin (PT) 
are ADP-ribosylating enzymes that target different regulatory G protein subunits. In intestinal 
epithelial cells, CT binds to GM1 ganglioside receptors on the apical membrane and undergoes 
retrograde vesicular trafficking to endoplasmic reticulum, where it exploits endoplasmic 
reticulum-associated protein degradation systems to release a catalytic A1 subunit of CT (CT 
A1) into cytoplasm. CT A1, in turn, catalyzes ADP ribosylation of α subunits of stimulatory G 
proteins, leading to a persistent activation of adenylate cyclase and an elevation of 
intracellular cAMP. The heat-labile enterotoxin LT is structurally and functionally similar to 
cholera toxin. LT, as CT, targets the stimulatory Gαs subunits, effectively locking them into an 
active mode that causes continuous production of cAMP by host ACs (Figure 12B). By contrast, 
the ADP-ribosylating activity of PT inactivates the inhibitory Gαi subunits, preventing them 
from downregulating AC activity (Figure 12B). In all cases, the result is constitutive AC activity, 
which leads to the accumulation of cAMP within host cells.  
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Secretion of bacterial cAMP into host cells 
Very recently, it was shown that the human pathogen Mycobacterium tuberculosis, the 
causative agent of tuberculosis, secretes cAMP directly into host macrophages following 
infection (Figure 12C) (Agarwal et al., 2009; Bai et al., 2011; Bai et al., 2009). Increased levels 
of cAMP within infected macrophages correlate with decreased phagolysosome fusion, 
reduced pathology and attenuated virulence (Agarwal et al., 2009). Using 14C-radiolabelled M. 
tuberculosis, the increase in cAMP was shown to be mediated by the bacteria rather than by 
the host macrophages, and it is largely due to synthesis by a specific AC (Rv0386) (Agarwal et 
al., 2009). The mechanism for cAMP secretion is not known, but it is regulated separately from 
cAMP production (Bai et al., 2009). To my knowledge, it is the only case of direct secretion of 
cAMP by pathogen to subvert host cAMP signalling.  
 
III. Adenylate cyclases, a case of convergent evolution 
       
1. ACs are divided in six main classes  
ACs transduce a large variety of extracellular signals into appropriate and timely intracellular 
responses. ACs control the rate of conversion of ATP into the second messenger cAMP that 
then activates diverse bacterial cAMP receptor proteins or, in eukaryotes, effectors such as 
PKA. In general, this results in intracellular signal amplification. 
A classification for ACs in three distinct groups on the basis of amino acid sequence  has been 
proposed in 1993 by Danchin (Danchin, 1993). This classification has been extended to six 
classes over time (Cotta et al., 1998; Sismeiro et al., 1998; Téllez-Sosa et al., 2002) and will 
probably be expanded further as genome sequencing progresses through additional phyla. 
ACs enzyme are thus a remarkable case of convergent evolution. 
Class I ACs are highly conserved in the enterobacteria, including human pathogens such as E. 
coli, S. typhimurium and Yersinia pestis. They are also present in related Gram-negative 
bacteria such as Vibrio cholerae and Aeromonas hydrophila. The E. coli AC CyaA is the only 
class I AC which has been characterized biochemically, this enzyme functions as a monomer 
(Linder, 2008; Yang and Epstein, 1983). Class I ACs are characterized by two functional distinct  
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regions: a N-terminal catalytic domain and a C-terminal regulatory domain. The C-terminal 
domain of the CyaA protein is involved in regulation of the enzyme activity, in particular in 
inhibition in the presence of glucose (see B.II). A component of the PTS, the enzyme EIIAGlc has 
been proven to be involved in regulation, in a way not yet understood. The regulation of 
protein activity (including glucose-mediated regulation) is probably conserved among class I 
ACs (Danchin, 1993).The structure of the enzyme suggests that tonic inhibition of the catalytic 
domain by the regulatory domain could be relieved by phosphorylation (or methylation) of 
this residue (modification has never been demonstrated, however). To my knowledge, the 
cellular location of class I ACs are still unknown, however, they are expected to be membrane-
bound protein (Danchin, 1993).  
Class II ACs is named “the toxin class” since they are translocated into the host cell cytoplasm 
(see B.II.4). Class II ACs were originally designated the “calmodulin-activated toxic class” 
(Danchin, 1993). However, it is now clear that some members of this group are not activated 
by calmodulin, an example being the AC ExoY in Pseudomonas aeruginosa that is translocated 
by the type III secretion system into the host cell cytosol (Yahr et al., 1998). This virulence 
determinant is activated by an alternative host cell factor.  
AC CyaA from B. pertussis is a bifunctional protein that has a N-terminal cyclase domain and a 
large C-terminal haemolysin region. This haemolytic activity stems from an ability to form 
cation-selective membrane channels that facilitates translocation of the cyclase catalytic 
domain into the host cell cytoplasm (Ahuja et al., 2004). EF from B. anthracis comprises two 
domains, where the domain situated at the N-terminus is important for interacting with 
another bacterial toxin and the located domain C-terminus binds calmodulin (Ahuja et al., 
2004). EF has been crystallized and its 3D structure determined.  The enzyme does not share 
structural homology with mammalian ACs. Additionally, EF functions as monomer and 
mammalian ACs as dimers (Drum et al., 2002). It is unknown whether class II ACs also have an 
intracellular role in the pathogens (Ahuja et al., 2004). 
Class III ACs are the most widespread enzymes as they are found both in eukaryotes and 
prokaryotes. This class will be described in detail below (B.II.2).  
Class IV to VI are all found in microbes, but have not been studied extensively and contain only 
a single species each: 
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Two AC genes have been identified in the Gram-negative bacterium Aeromonas hydrophila. 
One (cyaA) is very similar to the class I enterobacterial ACs. The second (cyaB) is not similar to 
any protein of known function and has been assigned to a fourth class of AC (Sismeiro et al., 
1998). This enzyme has unusual biochemical properties with optimal activity at 65°C and pH 
9.5. Disruption of both genes demonstrated a role for cAMP in motility, but deletion of the 
class IV cyaB alone did not give a detectable phenotype nor reduce cAMP production. 
However, introduction of the cyaB gene into cyaA or cyaA/cyaB null mutants resulted in 
restoration of cAMP production. To my knowledge, CyaB is the only bacterial class IV AC 
described so far. Nothing is known about its structure, cellular location or catalytic 
mechanism. 
Another structurally distinct type of AC (class V) has been isolated from the anaerobic 
bacterium Prevotella ruminicola by screening genomic clones in E. coli AC-deficient mutants 
(Cotta et al., 1998). The sequence has no similarity to other AC genes. Finally, an additional 
form of AC (class VI) has been identified in Rhizobium etli.  This novel class of AC was identified 
by functional complementation of an E. coli cya mutant, but no phenotype was observed on 
disruption of the gene (Téllez-Sosa et al., 2002).  
So far, only one AC has been experimentally confirmed in plants (Maize) (Moutinho et al., 
2001) but this protein does not seem to belong to any of the six classes of ACs and thus could 
be the funder of a seventh class.  
 
2. The universal class III of ACs  
 
a) Distribution of class III ACs  
Class III ACs are widespread. They are found in metazoan, protozoa, fungi, eubacteria, some 
archeae and certain green algae. The widespread occurrence of class III ACs is reflected on the  
one hand by a large variation in the modular domain composition of the proteins and on the 
other hand by a relatively high divergence of the primary structures of their catalytic domains 
and thus their biochemical properties (Baker and Kelly, 2004; Linder, 2006; Linder and Schultz, 
2003; Sunahara and Taussig, 2002). 
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Figure 13 : Classification of class III adenylate cyclases (ACs). 
 Cyclic homology domains ((CHD) C, C1, C2) are visible in gold and brown. (A) Heterotrimeric integral 
membrane proteins include 6TM (M1)-C1-6TM (M2)-C2. The catalytic core contains one pseudosymmetric 
catalytic centre. (B) Mammalian soluble heterotrimeric  ACs (sAC) comprising two N-terminal CHD (C1 and 
C2). As integral membrane Acs, the catalytic core of sAC contains one pseudosymmetric catalytic centre. (C) 
Receptor-type ACs are homodimers comprising two catalytic centres, and two extracellular regulatory 
domains (R) and a single transmembrane helix (TM). (D) Cytoplasmic homodimeric ACs with two catalytic 
centres and additional regulatory domains attached (R).   
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b) Classification of class III ACs 
The classification of class III was made based on Bayesian algorithms for multiple sequence 
alignment and database searching (McCue et al., 2000), suggesting class III ACs to be sub-
classified as cytoplasmic, receptor-type membrane bound and integral membrane proteins 
(Figure 13), as described below. However, the finding of a soluble mammalian AC has then 
extended this classification. 
The catalytic domain of class III ACs, also designated as the cyclase homology domain (CHD) is 
shared by all class III ACs. Of all class III ACs, only the nine mammalian membrane-bound ACs 
isoforms (types I-IX) have been investigated in some details. Two kinds of ACs occur in 
mammals, the 9 membrane-bound isoforms and a soluble AC (sAC) (Buck et al., 1999). In the 
membrane-bound ACs two CHDs (C1 and C2) are tethered to two membrane anchors (M1 and 
M2) consisting of six transmembrane each (Sunahara et al., 1996) (Figure 13A). The two M-C 
units are linked by a variable cytoplasmic region, and the N-terminal part (N) also displays a 
high heterogeneity in length and sequence. Class III ACs with an identical structure are present 
in other metazoans such as Caenorhabditis elegans and Drosophila melanogaster (Linder, 
2006). The mammalian sAC has two N-terminal CHDs in tandem followed by a large 
unclassified region of 1150 residues, which appears to be an inhibitor of the catalyst (Figure 
13B)(Chaloupka et al., 2006). 
So far, all regulatory input signals on membrane-bound mammalian ACs, stimulatory as well 
as inhibitory ones, are mediated via G-protein-coupled receptors and affect the cytosolic 
ensemble of the ACs.  
Receptor-type ACs and cytoplasmic ACs (Figure 13C-D) are only found in unicellular organisms. 
In these organisms complementation cloning and genome projects have provided numerous 
CHD-associated domains of potential regulatory functions so that the AC catalytic domain can 
be seen as a multi-purpose signalling module (Linder and Schultz, 2003). This indicates the 
presence of a broad spectrum of signals which are sensed by those ACs. 
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Figure 14 : Dimeric structure of class III 
adenylate cyclase catalytic domains.  
Cyclase homology domains form either 
heterodimers with one catalytic centre (A) or 
homodimers with two catalytic centres (B). 
Conversion of ATP to cAMP takes place at the 
dimer interface. Ad: adenosine, P: phosphate 
group, Me: divalent metal cofactor. The two 
metal-cofactor binding aspartate residues and 
the transition-state stabilizing arginine of each 
catalytic center are provided by separate cyclase 
homology domains. Linder and Schultz 2003 
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c) The class III catalytic mechanism 
The catalytic domains of class III ACs must form dimers to be active. Thereby the catalytic 
centre(s) constitute(s) at the dimer interface (Zhang et al., 1997). In mammalian ACs the two 
CHDs of a single protein form a heterodimeric catalyst with a single ATP-binding pocket 
(Tesmer et al., 1997), whereas ACs with single CHDs (unicellular organisms), homodimerize 
and form two catalytic pockets (Figure 14) (Linder, 2006). CHDs are quite divergent in their 
primary structures and have been subdivided into four subclasses (Class IIIa-Class IIId), based 
on sequence signatures (see (Linder and Schultz, 2003) for review).  
Six amino acids has been identified in AC, which serve three principal functions in catalysis 
(Sunahara et al., 1998; Tesmer et al., 1999; Yan et al., 1997). Two aspartate residues 
coordinate two metal cofactors (Mg2+ or Mn2+), which enable the nucleophilic attack of the 3'-
OH group of the ribose on the α-phosphoryl group of ATP (Tesmer et al., 1999). In 
heterodimers, those aspartates are exclusively provided by the C1-cyclase homology domain. 
The four other canonical residues are donated by the C2-cyclase homology domain. These are 
a lysine and aspartate pair, which is responsible for selecting ATP over GTP as a substrate, and 
an arginine and asparagine couple, which stabilizes the transition state. Thus, in CHD 
heterodimers, a single catalytic pocket is formed where ATP binds whereas a similar second, 
non-catalytic pocket exists which plays no known physiological role.  
The bacterial class III cyclase homology domain possesses all six catalytic residues on a single 
protein chain. Therefore, upon formation of the active homodimer two catalytic centres 
result. 
Over the course of evolution, a wide variety of regulatory domains has become associated 
with the catalytic region. The biological roles of most of these are unknown, but the ingenious 
and diverse strategies by which the regulatory domains act to modulate signal transduction 
so that cells respond appropriately to environmental changes or biological stimuli are 
becoming better understood. 
d) Regulatory-domain composition of class III ACs 
Several universal regulatory domains have been identified, called small molecule-binding 
domains (SMBDs) (Anantharaman et al., 2001), and received great attention in signal 
transduction. SMBDs typically consist of less than 100 amino acids, show little sequence  
101 
 
  
Figure 15 : Schematic representation of examples for variant domain organizations of class III 
adenylyl cyclases.  
The black line represents the protein sequence approximately to scale. Domains are coded by 
shape and colour. Cyclase homology domains are sorted by the proposed subclassification IIIa 
to IIId. Blue vertical bars represent predicted transmembrane helices. BLUF, GAF, HAMP and 
PAS domains are explained in the text. 2Fe-2S: two iron-two sulfur cluster domain, AAA: 
ATPase associated with various activities (AAA-ATPase); HisK: histidine kinase domain; HTH: 
helix-turn-helix DNA-binding domain; hydrol.: α/β-hydrolase-fold; inhib.: autoinhibitory 
domain; PP2Cc: proteinphosphatase type 2C catalytic domain; RasA: RAS-associating domain; 
Rec: receiver domain; TPR: tetratricopeptide repeat. NCBI protein accession nos.: Euglena 
gracilis, BAB85619, BAB85620; Anabaena CyaB1/CyaB2, BAA13998, BAA13999; Spirulina 
CyaC, BAA22997; ThiocapsaAAK56849; ciliates/apicomplexa, CAC81657, CAD36506, 
CAC81938; Agrobacterium tumefaciens CyaA, AC2893; Mycobacterium tuberculosis Rv3645, 
CAB08835; lipJ, CAB10059; Rv1264, CAB00890; Rv0386, CAA17392; Rv1358, CAA99963; S. 
cerevisiae, P08678.Linder and Schultz 2003 
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conservation and bind various ligands. Several SMBDs have now been found to be joined in a 
single protein chain with cyclase homology domains (Figure 15).  
In this part, I will focus on the best-known SMBDs associated with CHDs of class III ACs. 
More than 1000 genes containing GAF domains are in data banks (Linder and Schultz, 2003). 
A GAF (cGMP specific phosphodiesterase, Adenylyl cyclase and Fh1A) domain-containing 
cyclase from Anabaena (CyaB1) (Kanacher et al., 2002) is interesting in that it is regulated by 
cAMP binding to one of its two N-terminal GAF domains, suggesting a positive feed-back  
regulation of its activity. So far, no such domain fusion has been characterized in any cyclase 
from higher organism. GAF domain-containing ACs are also predicted in Spirulina platentis and 
Thiocapsa roseopersicina, both of which have not been looked at biochemically with respect 
to GAF domain function.  
Another widespread SMBD is the PAS domain (Period clock protein, Aryl hydrocarbon 
receptor, Single-minded protein), which has been identified in class III ACs of eukaryotic and 
prokaryotic single cells. A PAS domain of unknown function is located downstream of the two 
GAF domains in Anabaena CyaB1. A PAS-like domain called BLUF (BLUe light using FAD) is 
functioning in a AC from the algae Euglena gracilis (Iseki et al., 2002). The BLUF domain 
contains a tightly bound flavine, which serves as a blue light receptor and stimulates AC 
activity in vitro. It is involved in the blue light response of the algae.  
A class III cyclase from P. aeruginosa was characterized (Wolfgang et al., 2003) and has the 
multi-transmembrane MASE-2 (Membrane Associated SEnsor-2) domain (Nikolskaya et al., 
2003). The related MASE-1 domain is found associated with receptor histidine kinases. While 
the nature of the signals sensed by the MASE domains is unknown, it is interesting to note 
that these domains are found in proteins that are involved in signalling, and therefore could 
transduce an environmental signal to an intracellular response. Two class III ACs of the soil 
bacterium M. xanthus have been shown to be involved in sensing high osmotic pressure 
(Kimura et al., 2002; Kimura et al., 2005). Both isoforms have the same architecture. A putative 
extracellular receptor domain CHASE2 (Cyclase/Histidine kinase Associated Sensory 
Extracellular 2) is linked to the CHD by a set of three trans-membrane helices (TM). CHASE2 
domain is an extracellular sensory domain, which is present in various classes of 
transmembrane receptors that are upstream of signal transduction pathways in bacteria. 
Specifically, CHASE2 domains are found in histidine kinases, adenylate cyclases, 
serine/threonine kinases and predicted diguanylate cyclases/phosphodiesterases.  
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  A                                                                                                               B 
CyaD1, CyaD2, CyaK 
Figure 16 : Domain organization of the 26 ACs /GCs of S. meliloti 
(A) ACs/GCs with a C-terminal CHD. Domain organization of CyaD1, CyaD2 and CyaK is shown in rectangular 
blue box. (B) ACs/GCs with a N-terminal CHD.  
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The environmental factors that are recognised by CHASE2 domains are not currently known 
(Zhulin et al., 2003). Whether these CHASE2 domains have osmosensing properties is a 
question for future research.  
S. meliloti has 26 class III ACs of unknown biological functions and present a variety of domain 
organization (Figure 16) (Capela et al., 2001; Galibert et al., 2001). Some ACs have the CHD in 
C-terminal (Figure 17A), while some of the 26 ACs have the CHD in N-terminal (Figure 16B). 
Interestingly, among the proteins that have a C-terminal CHD, three of them, named CyaD1 
(SMc02176), CyaD2 (SMc04307) and CyaK (SMb20776), are receptor-like ACs (Tian et al., 
2012) and present a periplasmic regulatory CHASE2 domain (see results A) (Figure 16A).  
 
Other regulatory domains often associated with CHD are protein modules normally involved 
in signal transduction. These include histidine kinase domains (HisK), receiver domain (Rec), 
HAMP domains (tandemly arranged amphoteric α-helices present in Histidine kinases, 
Adenylyl cyclases, Methyl-accepting chemotaxis proteins and Phosphatases). However, the 
functional interplay between chemotaxis and receiver domains has been investigated only 
with AC CyaC from the cyanobacterium S. platensis. CyaC contains a N-terminal regulatory 
region, consisting of a histidine-kinase domain, two receiver domains, and a tandem GAF 
domain followed by a C-terminal CHD. HAMP domain are also found connected to the CHD of 
an AC from M. tuberculosis Rv3645. 
An example of a novel domain being connected to a CHD is the AC Rv1264 from M. 
tuberculosis. It contains a C-terminal CHD and a N-terminal autoinhibitory domain of 207 
amino acids which is found in Mycobacteria and other gram-positive bacteria (Linder et al., 
2002; Tews et al., 2005). 
 
Often multiple class III ACs are found in a single bacterial genome. For example, M. 
tuberculosis contains 17 isoforms, S. meliloti 26 and B. japonicum 30 (Agarwal and Bishai, 
2009). Thus it appears that bacteria can employ individual cAMP signalling pathways to 
respond to several different stimuli. The presence of multiple cyclases can be accounted for 
by the fact that it is not cAMP per se which is the real regulator, but its spatial or, most 
probably, temporal distribution: specific variation in the concentration of cAMP are 
recognized by receptors-regulators which control in a highly discriminant way the action of 
each AC (Danchin, 1993). 
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Yet, the physiological roles and the mechanisms of regulation of class III AC isoforms have 
been elucidated in only few instances. Nevertheless, AC activity results in cAMP synthesis that  
is, together with its receptor CRP, used by bacteria to direct RNA polymerase to specific 
promoters in order to activate transcription in response to growth signals or environmental 
cues.  
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Figure 17 : The CRP-like proteins of S. meliloti 
The tree shows the phylogenetic relationship between the CRP-like proteins from S. meliloti (in red) with
known CRP-like proteins from E. coli (in blue). See the text for details 
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IV. The Cyclic-AMP receptor protein CRP 
 
1. The CRP family 
CRP (also known as CAP, catabolite gene activator protein) is a prokaryotic global transcription 
regulator. CRP was originally discovered as an essential activator of the E. coli lac promoter 
(Dickson et al., 1975) but was subsequently found to modulate transcription at hundreds of 
promoters (Shimada et al., 2011; Zheng et al., 2004).  In 1983, Guest and colleagues reported 
homologies between CRP and FNR, the global transcription regulator that controls fumarate 
and nitrate reduction and other genes induced during anaerobic growth (Shaw et al., 1983). 
Since then, the CRP family has continued to grow and now encompasses Vfr (Virulence factor 
regulator) proteins found in many pathogenic bacteria and that is responsible for transcription 
of numerous genes involved in pathogenesis. E. coli CRP, was the first transcription activator 
to be purified and characterized structurally and has proved to be a useful paradigm for 
understanding transcription activation (Lawson et al., 2004). CRP and Vfr proteins play diverse 
roles in many different bacteria through direct activation by the allosteric activator cAMP. FNR 
proteins, instead, are not activated in presence of cAMP but only under anaerobic conditions 
because of an oxygen-labile iron-sulfur cluster (Crack et al., 2008; Fischer, 1994).  
There are 13 putative CRP-like proteins in S. meliloti (Figure 17), however Clr (CRP-like 
regulator), is the only one to have both a bona fide cAMP binding site and a predicted DNA 
binding site. Indeed, among the 13 CRP-like, some of them such as FixK have a DNA binding 
site but, although they retain the cAMP-binding fold, do not have the specific residues 
involved in cAMP binding and thus are not able to bind cAMP (Batut et al., 1989; Cherfils et 
al., 1989). Conversely, SMb21270 has the cAMP binding domain but does not possess an entire 
DNA-binding domain. 
 
2. Allosteric activation of CRP 
Activation of the CRP family of transcription factors triggers their allosteric transition 
permitting them to bind DNA. DNA binding leads to its bending allowing favourable 
interactions with the transcription machinery.  
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Figure 18 : Mechanism of allosteric control of CRP.  
Schematic models of CRP in the 3 structurally characterized states: apo-CRP, CRP-cAMP2 , and 
CRP-cAMP2-DNA. The proposed primary mechanism of allosteric control is clear and simple: 
cAMP binds to the CBD of CRP and makes direct contacts with Thr-127 and Ser-128. These 
contacts induce a coil-to-helix transition that extends the C-helix, and the intersubunit C-
helix/Cʹ-helix coiled coil, by 3 turns of helix. This coil-to-helix transition results in rotation of 
the DBDs of the CRP dimer by ≈60° and translation of the DBDs of the CAP dimer by ≈7 Հ 
(distance of intersubunit F-helices is 41 Հ in apo-CAP and 34 Հ, matching the distance 
between successive DNA major grooves in CRP-cAMP2). This rotation and translation places 
the F-helices (“recognition helices”) of the DBDs of the CRP dimer in the correct orientation 
and correct position to interact with successive DNA major grooves. Popovych et al 2009 
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Allosteric activation is used as a very efficient mechanism to control protein activity in most 
biological processes, including signal transduction, metabolism, catalysis and gene regulation. 
Allosteric proteins can exist in several conformational states with distinct binding or enzymatic 
activity.  Effectors are considered to function in a purely structural manner by selectively 
stabilizing a specific conformational state, thereby regulating protein activity. The cAMP-
mediated activation of CRP for DNA binding is a characteristic example of the widely held view 
that allosteric regulation is predominantly structural in origin (Changeux and Edelstein, 2005). 
The cAMP-mediated allosteric transition of  E. coli CRP has been the subject of extensive 
structural, biophysical, biochemical, and genetic analysis (Harman, 2001). 
 CRP was the first transcription regulatory protein to have its 3D structure determined (McKay 
and Steitz, 1981). The 3D structures of CRP have been determined in its cAMP2-bound state 
(Passner et al., 2000) and in its cAMP2-bound state in complex with DNA (Parkinson et al., 
1996; Schultz et al., 1991). CRP has a molecular mass of 45 kDa and is a dimer of two identical 
subunits (for a review see (Busby and Ebright, 1999; Won et al., 2009)). Each subunit consists 
of two domains. The N-terminal domain (residues 1-139) is responsible for dimerization of 
CRP and for interaction with the allosteric effector cAMP. The C-terminal domain (residues 
140-209) is responsible for interaction with DNA through a helix-turn-helix DNA-binding motif. 
CRP recognizes a 22 bp, 2-fold-symmetric DNA site (consensus sequence 5'-
AAATGTGATCTAGATCACATTT-3'). The CRP-DNA complex is 2-fold symmetric: one CRP subunit 
interacts with one half of the DNA site, and the other CRP subunit interacts in a 2-fold 
symmetric-related fashion with the other half of the DNA site. Nevertheless, the structural 
basis of the cAMP-mediated allosteric transition in CRP has remained unclear for a long time, 
because the structure of CRP in the absence of cAMP was unknown. Recently, the solution 
structure of CRP in the absence of cAMP (apo-CRP) has been reported (Popovych et al., 2009). 
The DNA-binding domain (DBD) in apo-CRP adopts an orientation that is incompatible with 
DNA binding (Popovych et al., 2009). cAMP binding to the cAMP-binding domain (CBD) of CRP 
elicits allosterically a pronounced conformational change to DBD, which undergoes a ~60° 
rigid-body rotation (Figure 18). In this orientation, the recognition helices (F-helices) are 
optimally poised to interact with the major groove of the DNA (Passner et al., 2000; Schultz et 
al., 1991) and the affinity of CRP for DNA is enhanced. Therefore, the structural basis for cAMP-
induced CRP activation consists of a marked  
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Figure 19 : Activation of transcription by the cyclic AMP receptor protein (CRP). 
 (a) The CRP dimer binds upstream of RNA polymerase and contacts one or both α subunit C-
terminal domains (CTDs) via AR1 (activating region 1) (blue star). (b) CRP binds adjacent to 
RNA polymerase and interacts with different polymerase subunits: AR1 interacts with αCTD, 
AR2 interacts with an α subunit N-terminal domain (NTD), and AR3 interacts with σ4. (c) 
Activation by tandem-bound CRP dimers where the downstream CRP is in a Class II position 
(as in panel b). (d) Activation by tandem-bound CRP dimers where the downstream CRP is in 
a Class I position (as in panel a). Lee et al 2012 
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alteration of the relative orientation of DBD (Popovych et al., 2009). In summary, cAMP 
switches CRP from the “off” state (inactive), which binds DNA weakly and non-specifically, to 
the “on” state (active), which binds DNA strongly and specifically (Figure 18) (Tzeng and 
Kalodimos, 2009).  
Allosteric mechanisms summarized above for transcriptional activation by E. coli CRP can be 
generalized to other CRP family bacterial activators (Busby and Ebright, 1999). However, 
depending on the DNA consensus sequence that can vary according to promoter genes, 
cAMP2-CRP-DNA complexes adopt several distinct binding conformations (Holmquist et al., 
2011). Anyhow, allosteric activation of CRP by cAMP leads to transcription of target genes by 
binding of cAMP2-CRP complex and recruitment of RNA polymerase at CRP-dependent 
promoters.  
3. Transcription activation at CRP-dependent promoters 
CRP-dependent promoters can be grouped into three classes (for a review see (Busby and 
Ebright, 1999; Lee et al., 2012) (Figure 19). Class I and class II were introduced in the 1990s to 
describe activation by upstream-bound CRP that interacts with the C-terminal domain of the 
RNA Polymerase (RNAP) α subunit (αCTD) (Class I), or activation by CRP bound to a target that 
overlaps the promoter -35 element, where αCTD is dispensable (Class II) (Igarashi et al., 1991; 
Ushida and Aiba, 1990) (Figure 19a-b). The term Class III is often used to describe promoters 
in which two transcription factors make independent contacts with RNAP (Figure19c-d).  
Class I CRP-dependent promoters require only CRP for transcription activation, and have a 
single DNA site for CRP located upstream of the DNA site for RNAP. The DNA site for CRP can 
be located at various distances from the transcription start point, provided that the DNA site 
for CRP and the DNA site for RNAP are on the same face of the DNA helix. Thus the DNA site 
for CRP can be centred near position -93, position -82.5, position -72, or position -61.5. The 
best characterized class I CRP-dependent promoter is the lac promoter which has a DNA site 
for CRP centred at position -61.5 (Gaston et al., 1990). Transcription activation at class I 
promoters (Figure 19a) requires the activating region 1 (AR1) of CRP located within the C-
terminal domain of CRP, immediately preceding the helix-turn-helix DNA-binding motif of CRP. 
The subunit αCTD of RNAP is an important determinant for transcription at class I promoters.  
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Transcription activation at class I promoter involves a direct protein-protein interaction 
between AR1 of the downstream subunit of the CRP dimer and one of the two copies of αCTD 
of RNAP. All CRP-RNAP and RNAP-DNA interactions essential for transcription activation are 
made downstream of the DNA site for CRP, and thus downstream of the locus of CRP-induced 
DNA bending. Therefore, it appears that CRP acts by helping “recruit” RNAP to promoter DNA. 
Class II CRP-dependent promoters require only CRP for transcription activation, and have a 
single DNA site for CRP overlapping the DNA site for RNAP, apparently replacing the promoter 
-35 element. The best characterized class II CRP-dependent promoter is the galP1 promoter 
which has a DNA site for CRP centred at position -41.5 (Gaston et al., 1990). Transcription at 
class II promoters (Figure 19b) requires two CRP determinants. As for class I promoters, 
transcription requires AR1 but also the activating region 2 (AR2) located in the N-terminal, 
cAMP-binding domain of CRP. Sometimes, AR1 and AR2 can be supplemented by a third, non-
native “activating region 3” (AR3) that can interact with the RNAP subunit sigma70. Class II 
CRP-dependent transcription requires two sets of determinants in the RNAP α subunit. As for 
class I promoters, αCTD is required but also a class-II-specific element within αNTD. CRP 
activates transcription at class II promoters through two distinct sets of interactions. (i) AR1 
of the upstream subunit of the CRP dimer interacts with one of the two copies of αCTD (ii) AR2 
of the downstream subunit of CRP interacts with one specific copy of the two αNTD named 
αNTDI. Interactions take place upstream of the DNA site for CRP, and thus upstream of the 
locus of CRP-induced DNA bending. Therefore, CRP-induced DNA bending plays a role in 
transcription activation at class II CRP-dependent promoters in facilitating the upstream CRP-
αCTD and αCTD-DNA interactions. 
Class III CRP-dependent promoters require multiple activator molecules for full transcription 
activation, i.e. two or more CRP molecules (Figure 19c-d). An example is the araBAD promoter 
(Lobell and Schleif, 1991; Zhang and Schleif, 1998). In such promoters, two or more CRP dimers 
synergistically activate transcription. Those promoters have diverse architectures, with 
different distances between the two DNA sites for CRP, and different distances between the 
DNA sites for CRP and the DNA site for RNAP. Transcription activation at such promoters 
involve additive combinations of the elementary class I and class II mechanisms. 
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V. Switching off cAMP signalling: role of phosphodiesterases 
 
1. Phosphodiesterases are divided in three main classes 
The discovery of cAMP more than 50 years ago revolutionized our understanding of 
intracellular signalling and laid the paradigm of second messenger signalling processes. cAMP 
signalling cascades are triggered by the activation of adenylate cyclases which produce the 
cyclic nucleotide. The signal is then transduced by various proteins that bind to cyclic 
nucleotide monophosphate (cNMPs), finally culminating in the hydrolysis of cNMPs by 
phosphodiesterases (PDEs) (Antoni, 2000). Therefore, PDEs function as homeostasis 
regulators by depleting the signal derived from an increased cAMP concentration. Not 
surprisingly, PDEs are the target of regulatory posttranslational modifications and are key 
enzymes for the cross-linking of different regulatory pathways. Yet, recently, it has been 
demonstrated that export of cAMP via TolC protein is a most efficient way of E. coli to lower 
high concentration of cAMP in the cell and maintain its sensitivity in changing metabolic 
environments than its degradation by the  PDE CpdA (Hantke et al., 2011). In this context, it 
appears that E. coli rapidly quenches the intracellular cAMP levels mainly by export and to a 
much smaller extent by degradation by CpdA that would serve to reset the cellular regulatory 
systems. 
 
cNMPs hydrolysis is brought about by metal-dependent enzymes that can be classified into 
three classes based on their primary amino acid sequences (Charbonneau, 1990). The 
classification of all PDEs in classes I, II, and III shows the following developmental and 
evolutionary characteristics: all PDEs from higher eukaryotes (vertebrates, Drosophila, and 
Caenorhabditis) and only few PDEs from fungi belong to PDE class I, whereas PDE class II 
consists of several enzymes from fungi as lower eukaryotes and one from bacteria (the 
periplasmic PDE from V. fischeri (Dunlap and Callahan, 1993)), and PDE class III consists, as far 
as it is known, only of enzymes from prokaryotes (Richter, 2002).   
 
Class I PDEs represent an important enzyme class constituted by 11 gene-related families of 
isozymes (PDE1 to PDE11), giving rise to a multiplicity of isozymes (see (Keravis and Lugnier, 
2012) for review). Each class I PDE subfamily encompasses one to four distinct genes, giving  
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rise to more than 20 genes in mammals that encode more than 50 different PDE proteins. 
Class I PDE isozymes generally exist as dimers. Their monomeric structure has common 
features with three distinct domains. The N-terminal regulatory domain characterizes each 
family and their variants. The catalytic domain is quite conserved (sharing 25% to 52% 
homology) with other mammalian PDE catalytic domains. This domain includes two invariant 
motifs of the formula H(X)3H(X)25-35D/E containing the residues that form the two metal ion 
binding sites in the active center. The C-terminal domain can be prenylated or phosphorylated 
by MAP kinases. Class I PDEs encompass all mammalian phosphodiesterases, as well as several 
genes identified in Drosophila (Chen et al., 1986), Caenorhabditis (Koyanagi et al., 1998), and 
yeast (Sass et al., 1986; Thomason et al., 1998).  
The phosphodiesterase class II includes enzymes from Saccharomyces cerevisiae (Nikawa et 
al., 1987), Dictyostelium discoideum (Lacombe et al., 1986), Schizosaccharomyces pombe 
(DeVoti et al., 1991), Candida albicans (Hoyer et al., 1994), and a periplasmic PDE from Vibrio 
fischeri  
(Dunlap and Callahan, 1993). The members of PDE class II share a conserved motif containing 
three histidine residues in the signature sequence HXHLDH which may be part of a metal ion 
binding site as it is known that the enzyme from V. fischeri is Zn2+ dependent (Callahan et al., 
1995). Further details about the active site of class II PDEs are not yet known. 
Class III cNMP phosphodiesterases were first described in E. coli (CpdA) (Imamura et al., 1996) 
and Haemophilus influenza (Icc) (Macfadyen et al., 1998). Class III PDEs do not have homology 
to either class I or class II PDEs. They share both the conserved sequence motif D-(X)n-GD-(X)n-
GNH[E/D]-(X)n-GHXH, which contains the invariant residues forming the active site, a binuclear 
Fe3+-Me2+-containing center, as well as a βαβαβ motif as a typical secondary signature 
(Richter, 2002). These enzymes contain the catalytic core (~200 amino acids) that belongs to 
the superfamily of metallophosphoesterases (MPEs) (Koonin, 1994). There are very few 
informations regarding the catalytic mechanism of class III PDEs. However, computational 
analysis revealed that class III PDEs could have a catalytic machinery comparable to MPEs such 
as purple acid phosphatase (Richter, 2002). MPEs are a large family of homologous proteins 
that coordinate two metal ions at the active site using two aspartic acid, one asparagine and 
four histidine residues. These enzymes hydrolysed phosphomonoester or diester bonds, and 
include monoesterases, such as protein serine/threonine phosphatases, purple acid  
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phosphatases, 5'nucleotidases and diesterases, such as 2',3'-cyclic nucleotide 
phosphodiesterases and 3',5'-cyclic nucleotide phosphodiesterases. The active site contains a 
pair of heavy metal ions [e.g. Fe3+ and Fe2+ (purple acid phosphatase), Fe3+ and Zn2+ 
(mammalian calcineurin), Mn2+ and Fe2+ (protein phosphatase), Ni2+ and Mn2+ (an archaeal 
phosphodiesterase) or two Zn2+ (5'nucleotidase) ions] (Shenoy and Visweswariah, 2006).  
 
2. The class III phosphodiesterases 
The biological role of PDEs, since their function in cAMP turn over, is closely linked to the one 
of the second messenger itself. However, several studies have reported the biological 
relevance of these enzymes and sometimes, their role are much more subtle than it appears.  
Class III PDEs belong to the large family of MPEs which present dramatic differences in 
substrate specificities. Based on this characteristic, it is tempting to speculate that class III 
PDEs could also present a large variety of substrates and thus could be involved in many 
transduction pathways other than regulating cAMP level.  
As described below, three major subclasses emerged among class III PDEs. 
 
Class III 3'5'cAMP PDEs  
As discussed above, cAMP is an important cellular mediator in E. coli and its role in mediating 
glucose effects has been well investigated (Botsford and Harman, 1992). For a long time, the 
intracellular concentration of cAMP in this bacterium has been thought to be mainly 
controlled by its own synthesis. However, the existence of PDE has been reported in E. coli in 
1965 by Brana and colleagues (Brana and Chytil, 1965) but the gene encoding cAMP 
phosphodiesterase remained unidentified. It took more than 30 years before Imamura and 
coworkers identified for the first time cpdA, the 3',5'cAMP PDE encoding gene and 
characterized properties of the corresponding enzyme CpdA (Imamura et al., 1996).  
In fact, few class III PDE with a strict reported activity against 3',5'cAMP have been isolated 
and characterized. These are CpdA from E. coli (Imamura et al., 1996), Icc from H. influenza 
(Macfadyen et al., 1998), CpdA from Vibrio vulnificus (Kim et al., 2009), CpdA from 
Pseudomonas aeruginosa (Fuchs et al., 2010), CpdA from the cyanobacterium Anabaena sp. 
Strain PCC 7120 (Fujisawa and Ohmori, 2005), CpdA from Klebsiella pneumoniae (Lin et al., 
2013) and CpdS from Serratia marcescens (Kalivoda et al., 2013).  
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Periplasmic bifunctional class III PDEs 
E. coli presents another PDE in its genome named CpdB which was identified at the beginning 
of the 1960s by Anraku (ANRAKU, 1964a, b). Contrary to CpdA which is a cytoplasmic protein, 
CpdB is a periplasmic enzyme and presents an original bifunctional activity. Indeed, CpdB is a 
2',3'-cAMP PDE that also possesses 3'-nucleotidase activity (Liu et al., 1986). In bacteria, all 
periplasmic 2',3'cAMP PDEs that also possesses a 3'-nucleotidase activity are named CpdB. 
Those proteins catalyse the hydrolysis 2',3'-cyclic phosphates of adenosine, guanosine, 
cytosine and uridine according the following reaction: 2',3'-cyclic NMP  3'-NMPadenosine 
+ phosphate. 2',3'cAMP is the positional isomer of 3',5'cAMP. This isomer is not synthesized 
by ACs, instead, it is an intermediate in the hydrolysis of RNA by ribonuclease I. 
It has been reported that 2',3'cAMP PDEs CpdB exist in mammals and could serve to produce 
extracellular adenosine thus providing this protective “retaliatory” metabolite to mitigate 
cellular damage (Jackson et al., 2009). 3',5'cNMPs are not hydrolysed by CpdB proteins 
(Trülzsch et al., 2001). However, CpdB proteins are actually also members of class III PDE since 
they share the catalytic core of MPEs as CpdA does. Thus it appears that class III PDE are not 
just 3',5'cAMP PDE but they can have differences in substrate specificities such as MPEs. Yet, 
the role of 2',3'cAMP class III PDE in bacteria is not well investigated so far.  It has been 
reported that CpdB from Yersinia enterocolitica enables the bacterium to grow on 2',3'cAMP 
as a sole source of carbon and energy (Trülzsch et al., 2001). However, the role of 2',3'cAMP 
in bacteria is unknown. 
 
Cytoplasmic class III PDE with activity against 2'3'cAMP 
Interestingly, some cytoplasmic 3',5'cAMP class III PDEs can also have  a 2',3'cAMP 
phosphodiesterase activity. M. xanthus PdeA and PdeB, and Rv0805 from M. tuberculosis 
present both 3',5' and 2',3'cAMP phosphodiesterase activity. In M. xanthus, PdeA and PdeB 
display both 3',5' and 2',3'cAMP phosphodiesterase activity but also a phosphatase activity 
(Kimura et al., 2009). In this organism, PdeA and PdeB decrease 3',5'cAMP levels resulting in 
the adaptation to high temperature or the delay of germination under osmotic conditions 
(Kimura et al., 2009). In M. tuberculosis, Rv0805 was first described as a 3',5'cAMP PDE 
(Shenoy et al., 2005) but this enzyme is 150 times more active in hydrolysing 2',3'cAMP than 
3',5'cAMP (Keppetipola and Shuman, 2008). Rv0805 is the only PDE characterized in M.  
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tuberculosis and, contrary to other class III PDE described so far, Rv0805 is localized to the cell 
wall and function as a dimer. Interestingly, Rv0805 plays a key role in the pathogenicity of M. 
tuberculosis, not only by hydrolysing bacterial 3',5'cAMP, but also by altering the cell wall 
functioning independently of its catalytic ability to hydrolyse the second messenger (Podobnik 
et al., 2009).  
Regulation of class III PDEs 
The regulation of expression of genes encoding class III PDEs (Cpd) is not yet well investigated. 
Interestingly, it has been demonstrated for the first time in V. vulnificus that the cAMP-CRP 
complex activates expression of the cpdA gene via direct binding to the regulatory region (Kim 
et al., 2009). cpdA expression from P. aeruginosa is also directly regulated by the cAMP-Vfr 
complex thus providing a feedback mechanism for controlling cAMP levels and fine-tuning 
virulence factor expression in these bacteria (Fuchs et al., 2010). The promoter region of 
RV0805 is predicted to contain a putative CRP binding site suggesting a 3',5'cAMP-regulated 
feedback control on the expression of Rv0805 (Bai et al., 2005). Nevertheless, the presence of 
a CRP binding site in Cpd promoters is not a regular characteristic of these genes. Thus 
expression of Cpd genes is not necessarily depending on the level of their substrates.  
Conclusion 
To summarize, based on the literature, we can divide class III PDE in three subclasses. (i) those 
that are cytoplasmic and have a strict activity against 3',5'cNMPs called “CpdA”(ii) those that 
are periplasmic and have a dual activity against 2',3'cNMPs and 3'NMPs named “CpdB”, and 
(iii) those that are cytoplasmic and have phosphodiesterase activity on 3',5'cNMPs and their 
positional isomers 2',3'cNMPs. 
Class III PDEs belong to an enzyme superfamily defined by a shared fold and a conserved active 
site. However, their physiological substrates are rarely known, and the features that 
determine substrates specificities are still obscure.  Thus the role of class III PDEs in degrading 
the second messenger cAMP is only the tip of the iceberg, it seems that they have some hidden 
functions that remain to be discovered. 
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C. PhD work presentation 
 
Research in the rhizobium legume symbiosis 
Understanding the molecular, genetic and physiological processes that enable nitrogen 
fixation by legumes are major scientific objectives that require basic research on both the 
microsymbiont and macrosymbiont partners of the interaction. 
Extensive work on model systems such as  Medicago/S. meliloti and Lotus/M. loti has revealed 
a great deal of signals and signal transduction pathways leading to coordinated nodule 
organogenesis and controlled bacterial infection. A negative control is indeed physiologically 
essential as excessive nodulation and/or bacterial infection would be detrimental to the 
symbiosis and to plant health. How such an adjustment of the symbiotic interaction is 
achieved is as the heart of the symbiotic process as it prevents the mutualistic interaction to 
become pathogenic. Elucidation of the pathways and signals that keep nodulation and 
infection under control is presently a very active area of research on legumes. In the present 
worldwide context of fossil energy shortage, environmental protection of land and natural 
resources as well as food/water safety concerns, research on rhizobium-legume symbiosis is 
strategic for agriculture. Needed improvements will be to increase the use of legumes in 
agriculture (which is notably low in Europe), increase the efficiency of the symbiosis under 
non-optimal -including climate changing- conditions, and as a long-term, yet as a more and 
more realistic perspective, to try and extend this symbiosis to non-legumes such as cereals.  
Rhizobia, symbiosis and cAMP 
cAMP signalling in animal-pathogens interactions is well studied and discussed in the 
literature while cAMP signalling in symbiosis and in plant interactions in general has received 
much less intention so far (Agarwal and Bishai, 2009; Göttle et al., 2012; McDonough and 
Rodriguez, 2012; Newton and Smith, 2004).  
At the beginning of my thesis, little was known on the biological function of cAMP in S. meliloti 
and rhizobia in general. After the pioneering description of ACs in S. meliloti by O’Gara and 
coworkers (Archdeacon et al., 1995; O'Regan et al., 1989), it was reported that AC mutants of 
S. meliloti were deficient in nodulation (Bianchini et al., 1993). However the corresponding  
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genes were not identified. Inactivation of a S. meliloti AC corresponding to CyaF5 had a 
beneficial effect of symbiotic performances (Sharypova et al., 1999). It was recently reported 
that exogenous cAMP stimulated expression of nitrogen-related genes (Tian et al., 2006). The 
physiological significance of these findings however remains unclear. 
It was also shown that many rhizobia, including S. meliloti type strain ATCC 9930 secrete cAMP 
in their surroundings (Terakado et al., 1997) and that nodules are the plant organs with highest 
cAMP content (Terakado et al., 1997). Furthermore cAMP levels increase along nodule 
maturation (Terakado et al., 2003; Terakado et al., 1997). Catanese and coworkers provided 
experimental evidence that nodule cAMP might be of bacterial origin (Catanese et al., 1989). 
Finally, exogenous cAMP inhibits nodulation of pea and soybean (Terakado et al., 2003). 
Interestingly, Terakado and colleagues (Terakado et al., 2003)also found that the hyper-
nodulating mutant of soybean En6500 had a lower cAMP content than wild-type. Altogether 
these data led Terakado and coworkers (Terakado et al., 1997) to propose that cAMP might 
be a symbiotic signal. 
Class III ACs number is highly variable in bacteria from none to more than 30 in some rhizobia. 
Sequencing the genome of S. meliloti strain 1021 (Galibert et al., 2001) has revealed 26 ACs 
belonging to two structurally different subfamilies. Since then, a high number of ACs has been  
found in most sequenced rhizobia, some of which are statistically more abundant in rhizobia 
than in non-rhizobia (Amadou et al., 2008).  
Furthermore, there are 13 CRP-like proteins in S. meliloti 1021, however, only one of them, 
SMc02175 (Clr), has both a predicted cAMP-binding site and a DNA binding site. Finally, S. 
meliloti comprises 15 putative metallophosphoesterases (PF00149) that might include PDEs. 
The presence of all the actors necessary for a cAMP based-cascade in S. meliloti supported the 
idea of a putative role for this second messenger in this bacterium, and thus in symbiosis. 
 
Aim of the PhD work  
Before I came in the lab, Anne-Marie Garnerone constructed the 26 individual ACs mutants of 
S. meliloti and found that three of them, CyaD1, CyaD2 and CyaK, had a role in controlling the 
infection during symbiosis with M. sativa.  Based on these preliminary results, the aim of my 
PhD project was thus to contribute deciphering the role of cAMP in the S. meliloti-Medicago 
symbiosis. 
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Contents 
The results I describe are divided in two main chapters. In the first one, I present the article 
“Plant-activated bacterial receptor adenylate cyclases modulate epidermal infection in the 
Sinorhizobium meliloti-Medicago symbiosis” published in 2012 in PNAS USA. In this paper, we 
demonstrated that a S. meliloti cAMP-based cascade is involved in the control of infection 
during symbiosis with M. sativa. We showed that the cascade is activated specifically by a 
plant signal and that the activity of the cascade may modulate the plant susceptibility to 
infection. In this work, I contributed characterizing the cAMP cascade in S. meliloti. More 
accurately, I studied the signal biosynthesis and its distribution in the plant kingdom.  
 
In the second chapter, I present the article “Biochemical and functional characterization of 
SpdA, a 2', 3'cyclic nucleotide phosphodiesterase from Sinorhizobium meliloti” (Mathieu-
Demazière et al., 2013). In this article, I aimed understanding how the cAMP-based cascade 
was regulated in S. meliloti and in symbiosis in particular. I thus studied the role of a predicted 
phosphodiesterase SpdA in this bacterium. I found that, contrary to our expectation, SpdA has 
no activity against 3'5'cAMP but, instead, hydrolysed the positional isomer 2'3'cAMP. SpdA 
biological function remains elusive. Circumstantial evidence suggests that SpdA may 
contribute insulating 3′, 5′cAMP-based signaling from 2′, 3′cyclic nucleotides of metabolic 
origin. 
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A. Chapter 1: Rhizobia play an active role in the control of infection during symbiosis with 
Medicago 
I. Introduction 
 
Sequencing of the S. meliloti genome revealed the presence of 26 class III ACs in the genome 
(Capela et al., 2001; Galibert et al., 2001). The distribution of class III ACs is unequal in bacteria. 
B. japonicum for example, has up to 32 ACs, Rhizobium leguminosarum has 27 ACs and 
Mycobacterium tuberculosis 17 while Brucella and Bartonella spp have none. The occurrence 
of such a high number of ACs in S. meliloti, R. leguminosarum and B. japonicum suggested a 
possible role of cAMP in environmental adaptation.  
 
State of the art 
The S. meliloti 26 class III ACs have unknown biological functions and present a variety of 
domain organization (see Figure 16 and section B.III.2.b) (Capela et al., 2001; Galibert et al., 
2001). Among the 26 ACs, three of them, named CyaD1 (SMc02176), CyaD2 (SMc04307) and 
CyaK (SMb20776), are receptor-like ACs (Tian et al., 2012). They present a periplasmic CHASE2 
domain, a transmembrane helix (TM) and a cytoplasmic catalytic domain (Figure 16A). CHASE2 
domains are known to be involved in signal transduction, however their ligand(s) is still 
unknown (Zhulin et al., 2003). cyaD1 and cyaD2 genes are on the chromosome of S. meliloti 
while cyaK is localized on the pSymB megaplasmid. Next to cyaD1 on the S. meliloti 
chromosome, the smc02175 gene was predicted to encode a CRP-like protein. There are 13 
putative CRP-like proteins in S. meliloti ( see Figure 17 and section B.IV.1), the one that is 
encoded by smc02175, that we called Clr for CRP-like regulator, is the only one to have both 
a bona fide cAMP binding site and a predicted DNA binding site.  
Hence, there are 26 ACs and only one CRP-like in S. meliloti. Thus Clr could be involved in many 
signalling pathways in S. meliloti. Alternatively, cAMP/cGMP synthesized by some ACs/GCs 
may have target other than Clr. 
These observations suggested that the genes at the cyaD1 locus (see figure 1A Mathieu-
Demazière et al 2013) could encode all components of a cAMP-based cascade.  
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The cyaD1 locus was thus characterized in more detail by Anne-Marie Garnerone. This led her 
to identify the smc02178 gene as a target gene of a cAMP-based cascade activated in planta 
by CyaD1, CyaD2 and CyaK.  
Based on these findings, we investigated the role of CyaD1, CyaD2 and CyaK in S. meliloti and 
their involvement in symbiosis with alfalfa.  
 
Contents 
In the first part of this chapter, I will present the article “Plant-activated bacterial receptor 
adenylate cyclases modulate epidermal infection in the Sinorhizobium meliloti-Medicago 
symbiosis” published in 2012 in PNAS USA. In this paper, we demonstrated that the S. meliloti 
cAMP-based cascade, consisting of the three ACs CyaD1, CyaD2 and CyaK, Clr and smc02178, 
is involved in the control of infection during symbiosis with M. sativa.  
We showed that the cascade is activated specifically by a plant signal and suggested that the 
activity of the cascade may modulate the plant susceptibility to infection. 
In this work, I contributed characterizing the plant signal activating the cascade in S. meliloti. 
More precisely, I studied the signal biosynthesis and its distribution in the plant kingdom.  
In a second part, I will describe complementary results about the mode of perception of the 
plant signal by CyaK. I demonstrated that CyaK alone perceives the plant nodule signal at late 
stages of symbiosis while CyaD1 and CyaD2 may perceive the plant signal(s) at early symbiotic 
stages. 
Taken together, our results have revealed that a bacterial cAMP cascade is activated during 
symbiosis in response to a plant signal, which is a new instance of molecular dialogue between 
the two symbionts. The cascade mutants have no conspicuous symbiotic defect besides a 
relaxed control of infection. We discuss evidence that the cAMP cascade may be part of an 
“autoregulation of infection mechanism”, as it exists for the regulation of nodulation (AON). 
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II. Article 1: Plant-activated bacterial receptor adenylate cyclases modulate epidermal 
infection in the Sinorhizobium meliloti-Medicago symbiosis 
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Legumes and soil bacteria called rhizobia have coevolved a facul-
tative nitrogen-fixing symbiosis. Establishment of the symbiosis
requires bacterial entry via root hair infection threads and, in
parallel, organogenesis of nodules that subsequently are invaded
by bacteria. Tight control of nodulation and infection is required to
maintain the mutualistic character of the interaction. Available
evidence supports a passive bacterial role in nodulation and
infection after the microsymbiont has triggered the symbiotic
plant developmental program. Here we identify in Sinorhizobium
meliloti, the Medicago symbiont, a cAMP-signaling regulatory cas-
cade consisting of three receptor-like adenylate cyclases, a Crp-like
regulator, and a target gene of unknown function. The cascade is
activated specifically by a plant signal during nodule organogene-
sis. Cascade inactivation results in a hyperinfection phenotype con-
sisting of abortive epidermal infection events uncoupled from
nodulation. These findings show that, in response to a plant signal,
rhizobia play an active role in the control of infection. We suggest
that rhizobia may modulate the plant’s susceptibility to infection.
This regulatory loop likely aims at optimizing legume infection.
Rhizobia are phylogenetically diverse bacteria that have ach-ieved the ability to enter a nitrogen-fixing symbiosis with
legumes (1). Rhizobia elicit the formation on roots of legume
host plants of new organs called “nodules,” which rhizobia col-
onize intracellularly and in which they fix atmospheric nitrogen,
to the benefit of the plant. The best-described mode of rhizobia
entry into plant roots involves the formation of specific tubular
structures called “infection threads” (ITs) that rhizobia initiate at
the tip of susceptible root hairs. Extension and branching of ITs
in direction of the root cortex ensures bacterial colonization of
the forming nodule primordium. Ultimately, rhizobia leave ITs to
form intracellular structures called “symbiosomes” that acquire
competence in biological nitrogen fixation.
Nodule morphogenesis and rhizobial infection are tightly co-
ordinated, although genetically dissectible, processes (2, 3). Fla-
vonoid compounds present in legume root exudates combined with
the rhizobial NodD transcriptional regulator(s) induce the syn-
thesis of substituted lipochitooligosaccharides called “Nod factors,”
which are required for nodule organogenesis and IT formation (3,
4). Additional bacterial molecules, such as low-molecular-weight
exopolysaccharides, are required for IT elongation. However, their
mode of action has not been elucidated thus far (5).
Available evidence indicates that the microsymbiont, after it has
initiated the plant developmental program, has a passive role in
the interaction that is dominated by the plant (3). Nodule number
is regulated negatively by a variety of mechanisms including the
systemic autoregulation of nodulation that involves signaling by
CLE peptides (6–8). Bacterial infection of root tissues is controlled
by the plant at the epidermal cell layer in close coordination with
nodule development (2, 9). Hyperinfection, usually associated with
abnormal nodule development, has been described in a few
legume mutants (9–11). Finally, cysteine-rich plant peptides
strictly control bacteroid proliferation and differentiation in gale-
goid legumes (12).
Here we report a slightly contrasting pattern in the Sino-
rhizobium meliloti–Medicago symbiosis, showing that the control
of epidermal infection actually involves a sustained molecular
dialogue between the two partners. Specifically, we have found
that a plant signal activates a cAMP regulatory cascade in
S. meliloti that, in turn, modulates the extent of epidermal in-
fection, possibly by modifying the plant susceptibility to infection.
Results
Characterization of a cAMP Signal Transduction Cascade in S.meliloti.
S. meliloti sequencing revealed the occurrence of 26 type III
purine nucleotidyl (adenylate and guanylate) cyclases in the ge-
nome (13). CyaD1 (SMc02176), CyaD2 (SMc04307), and CyaK
(SMb20776) share the following structural organization: an
amino-terminal signal peptide, a CHASE2 extracellular domain
(IPR007890) (14), a set of three membrane-spanning domains,
and a cytoplasmic catalytic domain (IPR001054) characteristic of
type III adenylate cyclase/guanylate cyclase (AC/GC) enzymes.
To characterize the substrate specificity of these putative cycla-
ses, we measured cAMP and cGMP levels in vivo in the wild-type
S. meliloti strain and in a cyaD1D2K triple mutant. In the wild-
type strain, cAMP levels were ca. 20-fold higher than cGMP
levels in vivo. Neither was affected by the simultaneous inacti-
vation of all three cyclases, possibly because of functional re-
dundancy. Instead, expression of a truncated form of CyaD1 in
which the periplasmic CHASE2 domain was deleted in frame
(pGMI50127; see Table S2) provoked a significant increase in
cAMP content in S. meliloti cell extracts (Fig. 1). This increase
was consistent with CyaD1 acting in vivo as an AC, possibly with
a GC side activity, like most type III enzymes described so far
(15). Sequence alignment of CyaD1, CyaD2, and CyaK with well-
characterized ACs and GCs showed that a lysine residue (K56 in
CyaD1) that is specifically conserved in ACs (16) is conserved in
all three cyclases (Fig. S1), thus suggesting that CyaD2 and CyaK
also are ACs.
Next to cyaD1 on the S. meliloti chromosome, we identified a
Crp-like transcriptional regulator (Clr; Smc02175) as well as a
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gene of unknown function, smc02178, that we have found to be
a target gene for clr. Clr belongs to a family of 13 Crp-like pro-
teins in S. meliloti that includes the FixK regulators of microoxic
respiration and nitrogen-fixation genes whose activity is cAMP
independent (17). Instead, the conservation in Clr of residues
that bind cAMP in Escherichia coli CRP and other characterized
cAMP-binding proteins (Fig. S2) predicted that Clr would be
a cAMP-binding protein. We have found that clr is not involved
in catabolite repression by succinate in S. meliloti.
A smc02178-lacZ reporter gene fusion was expressed at a very
low level in free-living conditions in either synthetic Vincent
medium (Fig. 2) or complex [tryptone-yeast extract (TY) or LB
medium]. High expression could be driven by exogenously pro-
vided cAMP, in a clr-dependent manner, independently of
cyaD1cyaD2cyaK (Fig. 2A). Similarly, endogenous production of
cAMP by the plasmid construct pGMI50127 (cyaD1ΔCHASE2)
led to high constitutive expression of the smc02178 target gene
(Fig. 2B). Taken together, these data identify a regulatory cas-
cade in which activated CyaD1, CyaD2, and CyaK cyclases
produce cAMP that, together with the Clr transcriptional regu-
lator, drives smc02178 gene expression.
Plant Signal Triggers Symbiotic Activation of the Cascade. Expres-
sion of the smc02178-lacZ reporter gene fusion was observed in a
S. meliloti 1021 wild-type background in all infected parts of
young [7 d postinfection (dpi)] and mature (14 dpi) nodules of
Medicago sativa (Fig. 3 A and F). By contrast, smc02178-lacZ
expression was rarely observed in epidermal ITs. Inactivation of
the clr gene or triple cyaD1D2K inactivation abolished expression
of the smc02178-lacZ fusion in nodules (Fig. 3 B, C, G, and H).
Individual inactivation of cyaD1, cyaD2, and cyaK or simultaneous
inactivation of cyaD1 and cyaD2 had a partial effect on smc02178-
lacZ expression in nodules (Fig. 3 D, E, I, and J), thus indicating
that all three cyclases contribute to symbiotic activation.
Nodule crude extracts prepared from 14-dpi-old nodules
formed by a wild-type S.meliloti strain induced high expression of
the smc02178-lacZ reporter gene fusion ex planta in a S. meliloti
1021 wild-type genetic background (Fig. 4A). Activation did not
occur in either a clr mutant background or in a cyaD1D2K triple
mutant (Fig. 4A) that excluded activation by the cAMP poten-
tially present in nodules (18). This result suggested that a bona
fide inducing signal was present in nodule extracts.Medicago root
exudates, the nodulation gene inducer luteolin (4), cytokinin, or
proline had no detectable effect on smc02178-lacZ expression.
Similarly, low oxygen (19), high sucrose, or NaCl concentrations
had no effect. No signaling activity could be detected in non-
nodulated portions of inoculated roots or in noninoculated roots
ofM. sativa (Fig. 4A). By contrast, signaling activity was detected
in shoots of both inoculated and noninoculated plants but at
a lower specific activity than in nodules (Fig. 4A).
High inducing activity was present in sterile, spontaneous
nodules formed by the nodulation in the absence of rhizobia (Nar)
variant ofM. sativa (Fig. 4B) (20), thus showing that the signal was
of plant origin. Signal activity also was detected in noninvaded
nodules induced by the exopolysaccharide-defective exoY mutant
of S. meliloti (21) (Fig. S3). Hence signal presence in wild-type
Medicago nodules did not require infection by bacteria.
High signaling activity also was detected in nodule and shoot
extracts from pea and lotus as well as in the shoots of non-
legumes such as rice (Fig. S4).
Cascade Mutants Are Hyperinfective in M. sativa. The cyaD1D2K,
clr, and smc02178-null mutants induced normal, elongated, pink
nodules with the same early kinetics as wild-type 1021. No sig-
nificant increase in nodule number was observed over a large set
of independent experiments (Figs. 5A and 6A; also see Fig. S6).
The cyaD1D2K mutant’s nitrogen-fixation ability (as measured
by acetylene-reduction assay) and whole-plant growth yield of
plants (dry weight) were not statistically different from wild type
(Fig. S5). Instead, a distinctive phenotype of the cyaD1D2K, clr,
and smc02178 mutants was a three- to fourfold increase in the
total number of epidermal ITs formed. This increase was sta-
tistically highly significant (P < 0.001) at 14 dpi (Fig. 5A) but
could be observed as early as 7 dpi, although with more variation
(Fig. S6). As a control, we monitored infection by the S. meliloti
ccmA mutant that is completely defective in nitrogen fixation
(22). The ccmA mutant formed significantly more nodules than
wild type, as expected for a Fix− mutant, but did not display a
hyperinfection phenotype (Fig. 5A), thus ruling out the possi-
bility that hyperinfection could result from a slight decrease in
nitrogen-fixation efficiency. Complementation assays confirmed
that the hyperinfective phenotype was linked genetically to the
clr mutation (Fig. 5A). Simultaneous inactivation of cyaD1 and
cyaD2 led to an intermediate hyperinfection phenotype (Fig. 5A;
P < 0.01), whereas inactivation of cyaK alone had no detectable
effect, thus suggesting that the three cyclases contribute to the
control of infection.
The superfluous ITs typically elongated over the entire root
hair length but aborted at the interface between the epidermis
and the cortex with associated defense reactions (Fig. 5G and Fig.
S7). They occurred on roots irrespective of the presence of nodule
primordium (Fig. 5 B–D). Nodules with multiple infection foci,
a feature that we never observed in the wild-type strain, some-
times were observed (Fig. 5F). Taken together, these findings
indicated that hyperinfection is uncoupled from nodule forma-
tion. Finally, compared with wild type, the mutants initiated more
abortive ITs outside the portion of the root that normally is sus-
ceptible to primary infection (23), including on lateral roots (Fig.
5E and Fig. S7).
Bacterial cAMP Cascade May Modulate Plant Susceptibility to Infection.
To compare the symbiotic performances of the wild type and clr
mutant, we coinoculated them (1/1 ratio) on M. sativa seedlings
after labeling the strains with RFP or GFP fluorescent tags (see
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Table S2). The numbers of nodules and abortive ITs initiated
by each strain were recorded at 14 dpi (Fig. 6). We verified by
swapping experiments that the tags did not influence results.
Nodule number was the same for the wild-type and clr strains
and did not change upon coinoculation (Fig. 6A), thus con-
firming that inactivation of the cAMP-signaling cascade had no
effect on nodulation. This result also indicated that the two
strains had the same competitiveness for nodulation and did not
differ in their ability to initiate primary infection events, i.e., the
formation of productive ITs leading to nodule formation. Upon
coinoculation, the number of abortive ITs initiated by the clr
strain was not higher than that initiated by the wild-type strain, as
would be expected if the clr strain had a better infectiveness (Fig.
6B). Instead, the number of ITs initiated by the wild-type strain
increased significantly upon coinoculation with the clr mutant, so
as to match the inoculation ratio (1/1). Conversely, the number
of ITs initiated by the clrmutant decreased in the presence of the
wild-type strain. Taken together, these findings indicate that the
plant did not discriminate between the wild-type and the clr
mutant strains for infection. Because of the very low inoculum
load (4.102 bacteria of each strain per plantlet), it is highly un-
likely that the two strains could complement each other extra-
cellularly, and, indeed, colocalized bacteria were not observed on
roots. Instead, these data suggest that the bacterial cAMP cas-
cade may modulate the plant’s sensitivity to infection. Inter-
estingly, the repartition of abortive ITs initiated by the wild-type
strain along the root now matched that of the clr mutant, a
finding that also suggests an altered sensitivity of the plant root.
Discussion
Wehave shown here activation by a plant signal of a cAMP cascade
in bacteria that are colonizing the forming nodule. Genetic inac-
tivation of the cAMP cascade led to hyperinfection of plant roots,
thus suggesting that the biological function of the cAMP cascade
is to keep root-hair infection (IT formation) under control. To
summarize our findings, we propose a working model in which the
cAMP regulatory cascade is activated in bacteria that have pene-
trated nodule tissues successfully. Activation of this cAMP cas-
cade, in turn, would restrict further infection by external, rhizo-
spheric bacteria by a mechanism that remains to be elucidated
(Fig. 7). Inactivation of the cAMP cascade may increase intrinsic
bacterial infectiveness or, alternatively, may enhance the root’s
susceptibility to infection. Although the two possibilities remain
open, we presently favor the second hypothesis, because it accounts
more readily for all our observations: (i) it explains how activation
of the cAMP cascade in bacteria that already have penetrated
Fig. 3. Expression of the smc02178-lacZ reporter gene fusion in M. sativa nodules. Nodules were observed at 7 dpi (A–E) and 14 dpi (F–J) after inoculation
with S. meliloti 1021 (A and F), clr (B and G), cyaD1D2K (C and H), cyaK (D and I), and cyaD1D2 strains (E and J) carrying pGD2178.
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nodule tissues may influence infection by external, rhizospheric
rhizobia; (ii) it is consistent with the observation that the plant did
not discriminate between wild-type bacteria and the clr mutant in
coinoculation experiments under conditions where extracellular
complementation was unlikely; (iii) it is consistent with the in-
creased occurrence of infection events at atypical locations of the
root upon inoculation with cAMP-cascade mutants or upon coin-
oculation with the wild-type strain and the clrmutant (although this
increase could not be quantified precisely). A longer-lasting sus-
ceptibility of the plant to infection after inoculation with cAMP-
cascade mutants and/or a spatial modulation of the root suscep-
tibility to infection may account for our observations. However,
further experiments, including the identification and precise local-
ization of the plant signal in nodules/infected roots as well as the
elucidation of the mode of action of the SMc02178 protein, are
needed to discriminate definitely between an enhanced infective-
ness of cAMP-cascade mutants and/or an enhanced sensitivity of
the plant. Whatever the mechanism at work, we speculate that this
regulatory loop may have evolved as a sophistication of the sym-
biotic interaction toward mutualism by optimizing the extent of IT
formation and preventing spurious infection events once a suffi-
cient number of neo-formed nodules has been infected successfully.
Signal exchange is central to the establishment and mainte-
nance of the mutualistic interaction between the two partners.
Legume signals described so far include flavonoids as elicitors of
bacterial nod gene expression (4) and peptides as regulators of
nodulation and bacteroid differentiation (24). The results re-
ported here provide evidence of another instance of signaling in
this symbiosis. The plant signal was detected in nodules and
shoots but could not be detected in roots, whether inoculated
or not. This observation argues against signal translocation from
shoots to nodules and, instead, tends to support signal synthesis
during nodule organogenesis. Biochemical identification of the
signal molecule and analysis of the regulation of the gene(s)
controlling its synthesis should shed light on the link between
signal synthesis, nodule organogenesis, and, possibly, Nod factor
signaling. How endosymbiotic bacteria sense the plant signal also
remains to be elucidated. Our data suggest that the periplasmic
regulatory CHASE2 domain, whose truncation resulted in consti-
tutive activation of the CyaD1 cyclase, contributes to signal sensing,
either upon direct interaction with the plant signal molecule
itself or indirectly via additional receptor proteins. The speci-
ficity of cAMP signaling in S. meliloti also is an intriguing issue,
given the high number of ACs in this bacterium. Cellular com-
partmentalization of cAMP in microdomains may contribute to
specificity, as suggested in other systems (25).
Little is known so far about cAMP signaling in the context of
plant–microbe interactions. However, cAMP signaling is known
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Fig. 5. Symbiotic phenotypes of cAMP-cascade mutants on M. sativa. (A)
Total number of nodules and total number of ITs formed outside nodules
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including a ccmA Fix− mutant and the complemented clr(pGMI50128) mutant
strain, all carrying a constitutive hemA-lacZ reporter gene fusion (pXLGD4) for
visualization. Data were collected from three independent experiments with
10 plants inoculated per bacterial strain. P < 0.05; **P < 0.01; ***P < 0.001. (B–
G)M. sativa seedlings were inoculated with 1021 (B), cyaD1D2K (C), clr (D and
F), or smc02178 (G) mutants. Multiple infection loci (colored blue) were ini-
tiated by mutants along the main root at 7 dpi (B–D) and in a 7-dpi nodule
(F). Note the absence of nodule primordium in D. IT formation near the tip
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Fig. 6. Coinoculation experiments of wild-type and clr mutant strains.
Nodule (A) and abortive IT (B) numbers in coinoculation experiments (1/1
ratio) of the wild-type and clr mutant strains at 14 dpi. M. sativa seedlings
were inoculated with bacteria (4.102) of either strain labeled with a GFP or
RFP tag (Table S2). Data were collected from three independent experiments
with 10 plants inoculated per bacterial strain. Statistical significance (***P <
0.001) is shown with respect to strain 1021 alone.
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Fig. 7. Model for the bacterial control of IT formation. Rhizobia (blue)
trigger initial IT formation and nodule organogenesis on susceptible host
plants. A plant signal synthesized during nodule organogenesis promotes
activation of the cAMP cascade in endosymbiotic rhizobia. Activation of the
bacterial cAMP cascade in turn inhibits secondary IT formation by rhizo-
spheric bacteria. Genetic disruption of the cascade results in abortive epi-
dermal hyperinfection uncoupled from nodulation.
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to play a major role in the interaction between animal pathogens
and their eukaryotic hosts. In those cases, cAMP signaling serves
two complementary functions (reviewed in ref. 26). First, it coor-
dinates virulence gene expression with host environment cues.
Second, it suppresses host immune responses by manipulating host
cAMP-signaling pathways, either by injection of AC toxins and/or
effector molecules or by direct secretion of cAMP into macro-
phages (26). Functional studies of the SMc02178 protein should
shed light to the mechanism(s) at work in S. meliloti. The contri-
bution of cAMP signaling to plant–microbe interactions thus may
attract further interest in the near future.
Materials and Methods
Bacterial Strains, Plasmids, and Growth Conditions. Bacterial strains and plas-
mids used in this study are listed in Tables S1 and S2, respectively. S. meliloti
strains were grown at 28 °C in rich LB medium supplemented with 2.5 mM
CaCl2 and 2.5 mM MgSO4, or in modified Vincent synthetic medium with
glutamate (0.1%) and mannitol (1%) as nitrogen and carbon sources, re-
spectively (VGM) (27), or in M9 minimal medium with succinate (0.2%) as
the carbon source (28). The concentrations of antibiotics used for S. meliloti
cultures were 200 μg/mL for streptomycin, 100 μg/mL for neomycin, 10 μg/mL
for tetracycline, and 30 μg/mL for gentamicin.
Construction of Plasmids and Mutant Strains. Primers used for DNA amplifi-
cation are listed in Table S3. S. meliloti 1021 was used as template for DNA
amplification. The cyaD1, clr, and smc02178 single mutants (GMI11561
GMI11567, and GMI11566, respectively) were constructed by site-specific
insertional inactivation using the plasmid pVO155 that does not replicate in
S. meliloti (29). cyaD1, clr, and smc02178 internal PCR fragments were am-
plified using D1L-D1R, X2175-B2175, and B2178H-X2178B primers, re-
spectively, cloned into pCR2-1-TOPO and then digested with BamHI and XbaI
for cloning into pVO155. The resulting pVO155 derivatives were introduced
into E. coli by transformation and then were conjugated in S. meliloti.
pVO155 integration at the homologous site in S. meliloti was verified by
Southern blot analysis.
For deletion of the cyaD2 and cyaK genes, we used the cre-lox system (30).
PCR fragments encompassing the upstream/amino-terminal coding region
and the downstream/carboxyl-terminal coding region of cyaD2 were am-
plified using D2upL-D2upR and D2downL-D2downR as primers (Table S3),
digested by EcoRI-KpnI and ApaI-SacI, and cloned into the EcoRI-KpnI and
ApaI-SacI restriction sites of pCM351, respectively. The resulting plasmid was
introduced into the S. meliloti 1021 cyaD1 mutant (GMI11561) by conjuga-
tion. Transconjugants sensitive to tetracycline and resistant to gentamicin
were screened. A cyaD1 cyaD2 double-mutant GMI11557 was selected, into
which the plasmid pCM157 expressing Cre recombinase was introduced by
conjugation. Transconjugants sensitive to gentamicin were screened. Sub-
sequently, pCM157 was cured by screening for tetracycline-sensitive strains.
Similarly, the upstream 5′-coding end and the downstream 3′-coding end
regions of cyaK were amplified using KupL-KupR and KdownL-KdownR as
primers, were digested by PvuII-KpnI and ApaI-SacI, and were cloned se-
quentially into the PvuII-KpnI and ApaI-SacI restriction sites of pCM351, re-
spectively. The resulting plasmid then was introduced into the S. meliloti
cyaD1cyaD2 double mutant (GMI11557) or into the 1021 wild-type strain by
conjugation. Transconjugants resistant to gentamicin and sensitive to tet-
racycline were screened. A cyaD1cyaD2cyaK triple mutant was selected as
GMI11558, and a cyaK mutant was selected as GMI11556 (Table S1).
For the construction of the cyaD1ΔCHASE2-expressing plasmid pGIMI50127
(Table S2), the upstream/amino-terminal and the downstream/carboxyl-ter-
minal coding regions of cyaD1 first were amplified using cyaD1Lb-chase2upRb
and chase2downLb-cyaD1R as primers (Table S3) and then were digested with
BamHI-NotI and NotI, respectively, and were ligated together. The resulting
CHASE2-lacking DNA fragment was introduced between blunt-ended HindIII
and BamHI sites of pDK5, generating the pDK5::cyaD1ΔCHASE2 intermediate
construct. The 1,130-bp KpnI-EcoRI fragment from pDK5::cyaD1ΔCHASE2 was
cloned into digested KpnI- and EcoRI-digested pBBR1MCS5, which replicates
in both E. coli and S. meliloti, to yield pGIMI50127.
Similarly, the clr-expressing construct pGMI50128 was obtained after PCR
amplification of the clr gene-coding region using S. meliloti 1021 genomic
DNA as template and REco2175 and LBamH2175 as primers. The PCR frag-
ment was digested with BamHI and EcoRI, ligated into a BamHI-EcoRI–
digested pFAJ1708 plasmid, and introduced into E. coli DH5α by transfor-
mation. The verified plasmid was digested by XbaI and SstI and cloned into
the XbaI-SacI–digested pBBRMcs5 plasmid to yield pGMI50128.
To construct pGD2178, a 436-bp PCR fragment encompassing the smc02178
promoter region was amplified using 2178B and 2178H primers, digested
with BamH1 and HindIII, and cloned in the in-frame orientation at the same
sites of the lacZ translational fusion plasmid pGD926.
All constructs were verified by PCR and Sanger sequencing in E. coli and by
PCR in S. meliloti. Plasmids were transferred from E. coli to S. meliloti by
triparental mating using pRK600 as the helper plasmid.
Plant Assays and Plant Extracts and Preparations. Seeds ofM. sativa cv. Europe
were surface sterilized, germinated, and allowed to grow in 12-cm2 plates
containing slanting nitrogen-free Fahraeus agar medium for 3 d at 22 °C
with day/night cycles of 16/8 h. The plants then were inoculated with 2 × 103
bacteria per plant. M. sativa cv Gemini Nar variants were grown under aer-
oponic sterile conditions as described previously (31). Acetylene-reduction
assays were performed as previously described 42 d after rhizobial in-
oculation (32).
For plant extract preparation, M. sativa seedlings growing on Fahraeus
medium in squared plates were inoculated with either S. meliloti 1021 or
exoY mutant or were not inoculated. At 14 dpi, nodules, shoots, and non-
nodulated portions of the roots of inoculated plants as well as roots and
shoots of noninoculated plants were collected and frozen immediately in
liquid nitrogen. Frozen nodules, roots, and shoots were crushed with a pes-
tle in Eppendorf tubes, and the resulting material was resuspended in dis-
tilled water and centrifuged at 3,000 × g for 8 min. The cleared supernatant
was filtered through a 0.22-μm filter (Millipore) and stored at −80 °C, if
needed, before assay. Nodule and/or shoot extracts of pea (Pisum sativum
Cameor), lotus (Lotus japonicus GIFU), and rice (Oryza sativa Nippon Bare)
were prepared similarly.M. sativa root exudates were prepared as previously
described (33).
β-Galactosidase Assays. S. meliloti strains carrying the pGD2178 plasmid
were grown at 28 °C in VGM. Overnight cultures were diluted to an OD600
of 0.1 in VGM and grown for an additional 2 h. Cultures (10 mL) then were
incubated in microoxic conditions as described (32) or were supplemented
with 0.5 mL plant extracts, 1 mL of a 100-fold dilution of Medicago root
exudates, 10 mM (final concentrations) of cAMP (A6885; Sigma), 10 μM
luteolin (L9283; Sigma), 0.2% proline, 0.15 M sucrose, and 0.3 M NaCl and
were grown for an additional 3 h or 24 h. β-Galactosidase activities were
measured (in Miller units) using 1 mL of culture, as previously described
(34). When plant tissue extracts were used as inducers, the measured ac-
tivity was corrected for the background activity (i.e., activity of the fusion
in absence of plant extract) and divided by the fresh weight of plant
material used for the extract.
Cytological Techniques. Plants were inoculated with S. meliloti strains (wild-
type and mutants) carrying the pXLGD4 replicative plasmid (Table S2) that
expresses the hemA-lacZ reporter gene fusion constitutively. Entire roots
were collected 7 dpi or 14 dpi, fixed with 2% (vol/vol) glutaraldehyde so-
lution for 1.5 h under vacuum, rinsed three times in Z′ buffer [0.1 M po-
tassium phosphate buffer (pH 7.4), 1 mM MgSO4, and 10 mM KCl], and
stained overnight at 28 °C under vacuum in Z′ buffer containing 0.08% 5-
bromo-4-chloro-3-indolyl-β-D-galactoside (X-gal), 5 mM K3Fe(CN)6, and 5 mM
K4Fe(CN)6. Nodules were harvested at 14 dpi, fixed with 2% (vol/vol) glu-
taraldehyde in Z′ buffer, and then sliced into 80-μm-thick longitudinal sec-
tions using a vibrating-blade microtome (VT1000S; Leica) before staining
without vacuum overnight at 28 °C. Entire roots or nodule sections were
observed under a light microscope.
cAMP and cGMP Measurements. The bacterial pellet obtained after centrifu-
gation of a 20-mL early exponential phase culture of S.meliloti in M9medium
was washed with 0.9% NaCl and resuspended in 2 mL distilled water. Then
1 mL was used for protein quantification using the Bradford method (Bio-
Rad), and 1 mL, supplemented with EDTA (4 mM final concentration), was
boiled for 10 min and centrifuged. The resulting supernatant was lyophilized
and stored at −20 °C until the test. The lyophilized samples were used to
determine intracellular cAMP and cGMP levels with the enzyme immunoas-
say method according to the protocol given in Amersham kits RPN2251 for
cAMP and RPN226 for cGMP.
Statistical Analysis. Data are presented as means ± SEM unless otherwise
indicated. An unpaired, two-sided Student’s t test was used when indicated.
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Fig. S1. Sequence alignment of the catalytic domain of Sinorhizobium meliloti CyaD1, CyaD2, and CyaK with known adenylate cyclase and guanylate cyclase
domains. Guanylate cyclases: Rhodospirillum centenum (Rc) RC1-3783 (YP_002299938); Synechocystis sp. PCC 6803 (Sy) Cya2 (NP_440289); Homo sapiens (Hs)
GUCY2C (NP_004954); Chlamydomonas reinhardtii (CR) CYG12 (XP_001700847). Adenylate cyclases: Dictyostelium discoideum (Dd) ACRA (AAD50121); Ar-
throspira platensis (Ap) CyaC (BAA22997) and CyaG (BAB19924); Mycobacterium tuberculosis H37Rv (Mt) Rv1264 (NP_215780). Red stars indicate the residues
involved in metal binding; black arrows indicate residues involved in transition-state stabilizing; yellow arrowheads indicate residues involved in substrate
specification. Note the lysine (K) residue at (arbitrary) position 56 in CyaD1 that is found exclusively in adenylate cyclases (1). Alignment was made using
ClustalW algorithm (2).
1. Marden JN, Dong QA, Roychowdhury S, Berleman JE, Bauer CE (2011) Cyclic GMP controls Rhodospirillum centenum cyst development. Mol Microbiol 79:600–615.
2. Chenna R, et al. (2003) Multiple sequence alignment with the Clustal series of programs. Nucleic Acids Res 31:3497–3500.
Tian et al. www.pnas.org/cgi/content/short/1120260109 1 of 6
Fig. S2. Sequence alignment of S. meliloti Clr with selected cAMP-binding Crp-like proteins: Mycobacterium tuberculosis Mb-Rv3676 (NP_218193), Rhodo-
spirillum centenum Rc-Crp (YP_002299938), and Escherichia coli Ec-CRP (NP_417816). Red crosses indicate the residues involved in cAMP binding. The carboxyl-
terminal helix-turn-helix DNA-binding domain is boxed. Conserved residues are shown in red; partially conserved residues are shown in blue. The alignment
was constructed with MultAlin software (1).
1. Corpet F (1988) Multiple sequence alignment with hierarchical clustering. Nucleic Acids Res 16:10881–10890.
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Fig. S3. Empty nodules induced on Medicago sativa by a S. meliloti exoY mutant contain signaling activity. smc02178-lacZ expression (in Miller units) was
monitored ex planta in strain 1021 and in the cyaD1D2K mutant after addition of nodule extracts from M. sativa inoculated with either S. meliloti strain 1021
or isogenic exoY mutant (1).
1. Cheng HP, Walker GC (1998) Succinoglycan is required for initiation and elongation of infection threads during nodulation of alfalfa by Rhizobium meliloti. J Bacteriol 180:5183–5191.
Tian et al. www.pnas.org/cgi/content/short/1120260109 2 of 6
0 
5000 
10000 
15000 
20000 
25000 
 Alfalfa  Lotus Pea
M
ill
er
 u
ni
ts
 / 
g 
of
 fr
es
h 
w
ei
gh
t 1021 
cyaD1D2K 
A
0
2000
4000
6000
8000
10000
12000
14000
Alfalfa  Rice
M
ill
er
 u
ni
ts
 / 
g 
of
 fr
es
h 
w
ei
gh
t 1021
cyaD1D2K
B
Fig. S4. Inducing activity of pea, lotus, and alfalfa nodule extracts (A), and rice and noninoculated alfalfa shoot extracts (B) on ex planta expression of the
smc02178-lacZ reporter gene fusion in S. meliloti strain 1021 and in the cyaD1D2K mutant.
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Fig. S5. Nitrogen-fixation abilities of S.meliloti strain 1021 and the triple cyaD1D2K-null mutant onM. sativa plantlets as measured by (A) acetylene reduction
assay (ARA) (in arbitrary units) and (B) dry weight of plants (in mg).
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Fig. S6. Symbiotic phenotypes of cAMP-cascade mutants on M. sativa. Quantification of the total number of nodules and number of infection threads (ITs)
formed outside nodules (abortive ITs) at 7dpi on M. sativa inoculated with S. meliloti strain 1021, the ccmA Fix− mutant, or the complemented clr(pGMI50128)
mutant strain, carrying a constitutive hemA-lacZ reporter gene fusion (pXLGD4) for visualization. Data were collected from three independent experiments
with 10 plants inoculated per bacterial strain. Conditions are as in Fig. 5. ***P < 0.001.
Fig. S7. Hyperinfection phenotypes of S. meliloti cyaD1D2K (A–E), clr (F–I), and smc02178-null (J) mutants on M. sativa. In J, note the formation of a nodule
and infection thread on a secondary root by the smc02178 mutant.
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Table S1. Bacterial strains used in this study
Strain Description Reference/source
1021 Strr derivative of S. meliloti strain SU47 (1)
GMI11561 1021 cyaD1::pVO155, Strr, Neor This work
GMI11557 1021 cyaD1::pVO155, ΔcyaD2, Strr, Neor This work
GMI11558 1021 cyaD1::pVO155, ΔcyaD2, ΔcyaK::Gm, Strr, Neor, Genr This work
GMI11556 1021 ΔcyaK::Gm Strr, Genr This work
GMI11566 1021 smc02178::pVO155, Strr, Neor This work
GMI11567 1021 clr::pVO155, Strr, Neor This work
GMI11645 1021 ccmA::pVO155, Strr, Neor (2)
Rm7210 ExoY210 mutant of 1021 (3)
DH5α E. coli fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80 Δ(lacZ)M15
gyrA96 recA1 relA1 endA1 thi-1 hsdR17
Bethesda Research
1. Meade HM, Long SR, Ruvkun GB, Brown SE, Ausubel FM (1982) Physical and genetic characterization of symbiotic and auxotrophic mutants of Rhizobium meliloti induced by
transposition Tn5 mutagenesis. J Bacteriol 149:114–122.
2. Capela D, Filipe C, Bobik C, Batut J, Bruand C (2006) Sinorhizobium meliloti differentiation during symbiosis with alfalfa: A transcriptomic dissection. Mol Plant Microbe Interact 19:
363–372.
3. Cheng HP, Walker GC (1998) Succinoglycan is required for initiation and elongation of infection threads during nodulation of alfalfa by Rhizobium meliloti. J Bacteriol 180:5183–5191.
Table S2. Plasmids used in this study
Plasmid Description Reference/source
pBBR1MCS-5 Cloning vector, Genr (1)
pCM157 IncP plasmid that provides expression of the Cre recombinase, Tetr (2)
pCM351 Allelic exchange vector bearing a gentamicin cassette flanked by
loxP sites, Genr, Tetr
(2)
PCR2-1-TOPO TOPO TA cloning vector, Amp r, Invitrogen Life Technologies
pDK5 Expression vector containing lacIq, Amp r, (3)
pFAJ1708 RK2-derived cloning vector, Tetr (4)
pGD926 pRK290 derivative containing a promoterless lacZ gene, Tetr (5)
pGD2178 pGD926 containing the smc02178 promoter region, Tetr This work
pGMI50127 pBBR1MCS-5 expressing the cyaD1ΔChase2 gene, Genr This work
pGMI50128 pBBR1MCS-5 expressing the clr gene, Genr This work
pRK600 Helper conjugative plasmid, ColE1 replicon with RK2 transfer region, Chlr (6)
pVO155 pUC119 derivative for insertional inactivation in S. meliloti, Kan r, Amp r (7)
pXLGD4 hemA-lacZ reporter plasmid, Tetr (8)
pHC60 pHC41 containing GFPS65T, Tetr (9)
pRFP Derivative of the pHC60 with mCherry coding sequence, Tetr J. Fournier (Laboratoire des Interactions
Plantes-Microorganismes, Toulouse, France)
1. Kovach ME, et al. (1995) Four new derivatives of the broad host-range cloning vector pBBR1MCS, carrying different antibiotic resistance cassettes. Gene 166:175–176.
2. Marx CJ, Lidstrom ME (2002) Broad-host-range cre-lox system for antibiotic marker recycling in Gram-negative bacteria. Biotechniques 33:1062–1067.
3. Kleiner D, Paul W, Merrick MJ (1988) Construction of multicopy expression vectors for regulated over-production of proteins in Klebsiella pneumoniae and other enteric bacteria. J Gen
Microbiol 134:1779–1784.
4. Dombrecht B, Vanderleyden J, Michiels J (2001) Stable RK2-derived cloning vectors for the analysis of gene expression and gene function in gram-negative bacteria.Mol Plant Microbe
Interact 14:426–430.
5. Ditta G, et al. (1985) Plasmids related to the broad host-range vector, pRK290, useful for gene cloning and for monitoring gene expression. Plasmid 13:149–153.
6. Finan TM, Kunkel B, Devos GF, Signer ER (1986) Second symbiotic megaplasmid in Rhizobium meliloti carrying exopolysaccharide and thiamine synthesis genes. J Bacteriol 167:66–72.
7. Oke V, Long SR (1999) Bacteroid formation in the Rhizobium-legume symbiosis. Curr Opin Microbiol 2:641–646.
8. Leong SA, Williams PH, Ditta GS (1985) Analysis of the 5′ regulatory region of the gene for delta-aminolevulinic-acid synthetase of Rhizobium meliloti. Nucleic Acids Res 13:5965–5976.
9. Cheng HP, Walker GC (1998) Succinoglycan is required for initiation and elongation of infection threads during nodulation of alfalfa by Rhizobium meliloti. J Bacteriol 180:5183–5191.
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Table S3. Primers used in this work
Gene Primer name Sequence 5′ to 3′ 5′ end restriction site
cyaD1 cyaD1R CCGGAATTCGCTTGCGTGGAGAAGGTC
cyaD1 cyaD1Lb CGCGGATCCGGGCGGTTTCAAAGACTTG BamHI
cyaD1 chase2downLb ATAAGAATGCGGCCGCTGCAATCTGCCATTGATCGAG NotI
cyaD1 chase2upRb ATAAGAATGCGGCCGCGGATGGTTCCGGCATAGAGAT NotI
cyaD1 D1L CGGCAAAGGCGATTGTTGCG
cyaD1 D1R TGCCCGGCTTTCATGGACC
cyaD2 D2upL GACAGAATTCGAGGCCACTC EcoRI
cyaD2 D2upR CGGGGTACCGCCGATAATGACCCCAACTA KpnI
cyaD2 D2downL CTAGGGGCCCGATCCGCCGAGTAGAGAGG ApaI
cyaD2 D2downR CGAGCTCCGACAAGTTCGTCTTCAACG SacI
cyaK KupL GTGACACAGCTGAGCGCGAGGGGTATAATTTC PvuII
cyaK KupR CGGGGTACCCGAGAGGCCTTCATCAGAAC KpnI
cyaK KdownL CTAGGGGCCCACGGCTTGTTCGATGAACTC ApaI
cyaK KdownR CGAGCTCATATCGGCTTCGATCTGCTC SacI
clr X2175 GCTCTAGAATCTCGCTACCGTGGATCTG XbaI
clr B2175 CGGGATCCGACCAGGGCGACTACATGAT BamHI
clr LBamH 2175 GCGGATCCGCGTAAAGGGGAACGCA BamHI
clr REco 2175 CGGAATTCGCTTTTGGGCAAGCGGC EcoRI
smc02178 2178H CGAAGCTTCGTCAGGACATAATCCTTGTCGAG HindIII
smc02178 2178B CGGGATCCAGGCTCGATCCAACGTGTTTCTTC BamHI
smc02178 B2178 CGGGATCCTGAAGAAACACGTTGGATCG BamHI
smc02178 X2178 GCTCTAGAAGCTTCTGTCCAGCCCTGT XbaI
Tian et al. www.pnas.org/cgi/content/short/1120260109 6 of 6
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Figure 20: CyaK senses the plant nodule signal.  
smc02178-lacZ expression was monitored ex planta in 1021, cyaD1D2K, and cyaK background 
strains after addition of M. sativa tissue extracts. 
 
Figure 21: Expression of the smc02178-lacZ reporter gene fusion in M. sativa nodules. 
 Nodules was observed at 7 dpi (A-D) and 14 dpi (E-H) after inoculation with S. meliloti 1021 
(A and E), cyaD1D2K (B and F), cyaD1D2 (C and G), and cyaK strains (D and H) carrying 
pGD2178. 
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III. CyaK perceives the nodule signal 
 
1. CyaK senses the Medicago nodule signal ex planta 
Expression of the smc02178-lacZ reporter gene fusion in presence of Medicago shoot and 
nodule extracts was observed ex planta in a S. meliloti 1021 wild-type and in AC mutants 
background (Figure 20).  As previously described, simultaneous inactivation of the three ACs 
CyaD1, CyaD2 and CyaK abolished activation of the reporter gene fusion by plant tissues 
extracts. Surprisingly, individual inactivation of cyaK was sufficient to abolish smc02178-lacZ 
expression in presence of a nodule or a shoot extract (Figure 20). This indicates that CyaK 
alone contributes perceiving the nodule signal during symbiosis. This also suggests that the 
nodule and shoot signal are closely related structurally/biochemicaly (as they are perceived 
by the same AC) if not identical. However, previous results have shown that inactivation of all 
the three ACs was necessary for hyperinfection on M. sativa roots (Tian et al., 2012). Thus, the 
signal present in nodule extracts of Medicago and perceived by CyaK is only part of the 
negative control of infection. 
2. CyaD1D2 and CyaK have complementary functions in symbiosis 
In order to investigate the role of the three cyclases in symbiosis, smc02178-lacZ expression 
was monitored in planta in a S. meliloti 1021 wild-type and AC mutants background in all 
infected parts of young (7 day post inoculation (dpi)) (Figure 21 A-D) and mature (14 dpi) 
nodules (Figure 21 E-H) of Medicago sativa. smc02178-lacZ fusion is expressed in young 
nodules infected by a wild-type S. meliloti strain (Figure 21 A). smc02178-lacZ fusion is less 
expressed in  a cyaD1D2 double mutant (Figure 21 C)and in a cyaK mutant (Figure 21 D) and 
not expressed in a cyaD1D2K triple mutant (Figure 21 B). In mature nodules, smc02178-lacZ is 
not expressed in a cyaD1D2K triple mutant (Figure 21 F), however, it is expressed in a cyaD1D2 
double mutant (Figure 21 G). By contrast, smc02178-lacZ reporter gene fusion is very weakly 
expressed in mature nodules generated by cyaK mutants (Figure 21 H). These findings suggest 
that the three ACs CyaD1, CyaD2, and CyaK contribute together to symbiotic smc02178 
expression and to the control of infection during symbiosis. CyaD1,CyaD2 and CyaK contribute 
perceiving the plant nodule signal at early stages of symbiosis. In late symbiotic stages, CyaK 
is the dominant cyclase. Taken together, these results show that the three ACs have  
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complementary functions during symbiosis stages and at least two signals (possibly three) 
contribute to the symbiotic activation of the cAMP cascade. 
So far, direct biochemical evidence for an early signal(s) is lacking. Signal presence in roots 
(inoculated or not) could not be convincingly detected. This may be due to the poor sensibility 
of the biological assay (smc02178-lacZ fusion) used. The recent obtention by Anne-Marie 
Garnerone of a bacterial strain with improved signal sensitivity (by overexpressing SMb20775, 
see below) may now allow to reappraise this question and thus provide a bioassay for the 
characterization of a second signal. More sensitive signal detection by qPCR monitoring of 
smc02178 expression is also envisaged. The role of CyaD1 and CyaD2 will also need to be 
clarified. As they are paralogs, CyaD1 and CyaD2 may respond to the same signal.  
 
3. Signal(s) perception 
The CHASE2 domain of CyaD1 has a negative regulatory function on cAMP synthesis since a 
strain lacking the CHASE2 domain of CyaD1 constitutively synthesized cAMP (Tian et al., 2012). 
A perspective of this part is to investigate the role of the CHASE2 domains in signal perception. 
Indeed, we are interested knowing whether CHASE2 domains are directly involved in signal 
perception or whether another protein(s) senses the signal(s) and transduces it to the CHASE2 
domain of CyaD1, CyaD2 and CyaK.  
A protein may be necessary to translocate the plant signal from outside to the periplasm 
where the CHASE2 domain is localized. The SMb20775 protein is our best candidate to be the 
protein that translocates the plant signal. Indeed, smb20775 is localized on the pSymB 
upstream of cyaK and seems to be coregulated with this later. Moreover, SMb20775 is 
predicted to be an outer membrane protein.  SMb20775 may be not specific to the nodule 
signal activating CyaK and thus might be necessary for the perception of the putative three 
signals activating the cyclases.  
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B. Chapter 2: Biochemical and functional characterization of SpdA, a 2', 3'cyclic nucleotide 
phosphodiesterase from Sinorhizobium meliloti 
I. Introduction 
 
cAMP is a universal second messenger synthesized by ACs from ATP. This cyclic nucleotide 
transduces a variety of signals to adapt organisms to their environment. The level of cAMP in 
the cell has to be tightly control to keep the second messenger its signal nature. cAMP 
concentration is regulated at the level of its synthesis by ACs and of its degradation by PDEs. 
cAMP turnover is an important process to keep signal transduction under control.  
 
State of the art 
We have found that a cAMP cascade occurs in S. meliloti and that this cascade is involved in 
the interaction with the host plant M. sativa. Indeed, after the perception of a Medicago 
signal, the three ACs, CyaD1, CyaD2 and CyaK synthesized cAMP that activate the 
transcriptomic regulator Clr. The cAMP-Clr complex upregulates the smc02178 expression. 
Then, by a mechanism that remains to be elucidated, smc02178 mediates a negative control 
of infection during symbiosis with alfalfa. Downstream of the cascade target gene smc02178 
on the cyaD1 locus, the gene SpdA (smc02179) encodes a putative class III PDE. SpdA belongs 
to a 15-member protein family containing a MPE domain (IPR004843). Among these 15 
proteins, SpdA presents the highest protein sequence similarity with well-known PDEs such as 
CpdA from E. coli and Rv0805 from M. tuberculosis.  
 
Approach 
Understanding how the level of cAMP is regulated in S. meliloti would help us understanding 
how cAMP mediates the negative control of infection during symbiosis.  
In order to understand how the cAMP-based cascade is regulated in S. meliloti and in symbiosis 
in particular, I studied the biochemical function and biological role of SpdA in this bacterium.  
 
Contents 
In the first part of this chapter, I will present the article “Biochemical and functional 
characterization of SpdA, a 2', 3'cyclic nucleotide phosphodiesterase from Sinorhizobium 
meliloti” (Mathieu-Demazière et al., 2013).  
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I have found that spdA is expressed in symbiosis and that its expression pattern is similar to 
that of smc02178. I purified the SpdA protein and demonstrated its phosphodiesterase activity 
in vitro. I found that SpdA has no activity against 3'5'cAMP and, instead, hydrolyses the 
positional isomer 2'3'cAMP and 2'3'cGMP. smc02178 expression was not enhanced in vivo in 
a ΔSpdA mutant background. Instead, smc02178 expression decreased ex planta in presence 
of M. sativa shoots extract in a SpdA deleted mutant. I did not observe any phenotype in 
planta for a SpdA deleted mutant background. We discuss about possible biological roles for 
SpdA. We suggest that SpdA may contribute insulating 3'5'cAMP-based signalling from 
2'3'cNMP nucleotides of metabolic origin. 
In a second part, I will describe complementary results about SpdA and CpdB, a predicted 
2'3'cAMP PDE from S. meliloti.  
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II. Article 2: Biochemical and functional characterization of SpdA, a 2', 3'Cyclic 
Nucleotide Phosphodiesterase from Sinorhizobium meliloti 
 
 
 
 
 
 
 
 
 
  
 
RESEARCH ARTICLE Open Access
Biochemical and functional characterization of
SpdA, a 2′, 3′cyclic nucleotide phosphodiesterase
from Sinorhizobium meliloti
Céline Mathieu-Demazière1,2, Véréna Poinsot3, Catherine Masson-Boivin1,2, Anne-Marie Garnerone1,2†
and Jacques Batut1,2*†
Abstract
Background: 3′, 5′cAMP signaling in Sinorhizobium meliloti was recently shown to contribute to the autoregulation
of legume infection. In planta, three adenylate cyclases CyaD1, CyaD2 and CyaK, synthesizing 3′, 5′cAMP, together
with the Crp-like transcriptional regulator Clr and smc02178, a gene of unknown function, are involved in controlling
plant infection.
Results: Here we report on the characterization of a gene (smc02179, spdA) at the cyaD1 locus that we predicted to
encode a class III cytoplasmic phosphodiesterase.
First, we have shown that spdA had a similar pattern of expression as smc02178 in planta but did not require clr nor
3′, 5′cAMP for expression.
Second, biochemical characterization of the purified SpdA protein showed that, contrary to expectation, it had no
detectable activity against 3′, 5′cAMP and, instead, high activity against the positional isomers 2′, 3′cAMP and 2′, 3′cGMP.
Third, we provide direct experimental evidence that the purified Clr protein was able to bind both 2′, 3′cAMP and 3′, 5′
cAMP in vitro at high concentration. We further showed that Clr is a 3′, 5′cAMP-dependent DNA-binding protein and
identified a DNA-binding motif to which Clr binds. In contrast, 2′, 3′cAMP was unable to promote Clr specific-binding
to DNA and activate smc02178 target gene expression ex planta.
Fourth, we have shown a negative impact of exogenous 2′, 3′cAMP on 3′, 5′cAMP-mediated signaling in vivo. A spdA
null mutant was also partially affected in 3′, 5′cAMP signaling.
Conclusions: SpdA is a nodule-expressed 2′, 3′ specific phosphodiesterase whose biological function remains elusive.
Circumstantial evidence suggests that SpdA may contribute insulating 3′, 5′cAMP-based signaling from 2′, 3′ cyclic
nucleotides of metabolic origin.
Keywords: Sinorhizobium, 3′, 5′cAMP, 2′, 3′cAMP, Phosphodiesterase, RNA degradation, Crp
Background
Sinorhizobium meliloti is a soil-born α-proteobacterium
that can enter a nitrogen-fixing symbiosis with Medicago
sativa (alfalfa) and related legumes. The establishment
of the symbiosis relies on a complex molecular dialogue
between the two partners that triggers two essential and
overlapping steps, nodulation and infection (see [1,2] for
reviews). During the infection process, bacteria colonize
root hairs forming Infection Threads (ITs) that extend
and proliferate towards the nodule primordium that is
formed in the root cortex. Ultimately, rhizobia are re-
leased from ITs within nodule cells where they fix mo-
lecular dinitrogen. Nodulation and infection are tightly
controlled processes and we have shown recently that
bacterial adenylate cyclases (ACs) contribute to the
negative autoregulation of infection [3].
ACs (EC 4.6.1.1) are enzymes that synthesize cAMP
(3′, 5′-cyclic adenosine monophosphate) from ATP. There
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are 6 non-homologous classes of ACs as a typical example
of convergent evolution [4,5]. Class III is the universal class
whose members can be found in both prokaryotes and
eukaryotes although, to our knowledge, their presence
in plants has not been established [6]. The number of
class III ACs strikingly varies in bacteria. E. coli has
none whereas cyanobacteria, mycobacteria and rhizobia,
a group of phylogenetically-diverse bacteria [7], have
many, up to 32 in the soybean symbiont Bradyrhizobium
japonicum. The biological function of class III ACs in bac-
teria remains poorly understood. Class III ACs synthesize
cAMP in response to environmental cues such as light,
oxygen, nitrogen and pH in Cyanobacteria [8] or high
osmotic pressure in Myxococcus xanthus [9,10]. Class
III ACs are also involved in biotic interactions as they
contribute to virulence in M. tuberculosis, P. aeruginosa
and in some fungal pathogens [5,11-13]. CO2 and Ca
2+
are signals used by pathogens to sense their host en-
vironment through their AC–cAMP signaling systems.
Candida albicans and mycobacteria express CO2-responsive
ACs [5,14] whereas CyaB from P. aeruginosa is Ca2+
sensitive. Another example of cAMP-associated signal
being used by the human fungal pathogen C. albicans
to sense the host environment is the bacterial peptido-
glycan present in blood serum [15].
We have recently described the first instance of class III
ACs contributing to a symbiotic (mutualistic) interaction,
between Sinorhizobium meliloti and its host plantMedicago
sativa [3]. S. meliloti has 26 class III ACs of overall un-
known biological functions with a variety of domain
organization [16]. In response to a plant signal present
in nodules, three receptor-like adenylate cyclases CyaD1,
CyaD2 and CyaK synthesize the secondary messenger mol-
ecule 3′, 5′cAMP. 3′, 5′cAMP together with the Crp-like
transcriptional activator Clr in turn promote transcription
of the target gene smc02178, of unknown biochemical func-
tion [3]. We have recently found that this cascade contrib-
utes to the autoregulation of the symbiotic interaction.
Specifically, activation of the cAMP cascade in nodules
inhibits, by a mechanism that remains to be elucidated,
secondary infection by rhizospheric bacteria. This control is
lost in either a triple cyaD1cyaD2cyaK mutant, a clr or a
smc02178 mutant resulting in a hyper-infection phenotype
on plants–ie an abundance of abortive ITs on roots–as a
consequence of a relaxed control of secondary infection [3].
The concentration of the second messenger 3′, 5′
cAMP in cells is controlled at the level of its synthesis by
ACs and/or by its degradation to 5′AMP by phosphodies-
terases (PDEs). PDEs are a superfamily of enzymes divided
in three, non-homologous, main classes. All mammalian
PDEs as well as several enzymes identified in Drosophila,
Caenorhabditis and Saccharomyces cerevisiae belong to
class I, whose conserved carboxy-terminal catalytic domain
contains two invariant motifs H(X)3H(X)25-35D/E [17].
Class II PDEs are enzymes from Saccharomyces cerevisiae,
Dictyostelium discoideum, Schizosaccharomyces pombe,
C. albicans, and Vibrio fischeri [17]. This class of enzymes
shares the conserved motif HXHLDH. Class III PDEs
belong to the superfamily of metallophosphoesterases
[18]. They share the conserved sequence motif D-(X)n-
GD(X)n-GNH[E/D]-(X)n-H-(X)n-GHXH as well as a βαβαβ
secondary structure signature [17].
Here we report on the characterization of a class III PDE
from S. meliloti (SpdA, SMc02179) that we anticipated from
the localization of the spdA gene at the cyaD1 locus to be
involved in signal termination by turning-over the secondary
messenger 3′, 5′cAMP. We have found that purified SpdA
had actually no detectable activity against 3′, 5′cAMP and,
instead, had high activity on the structural isomer 2′, 3′
cAMP, which may occur in cells as a by-product of RNA
degradation [19]. We demonstrated that, contrary to 3′, 5′
cAMP that promoted Clr binding to a cognate binding-site,
2′, 3′cAMP bound unproductively to Clr. Although
SpdA biological function remains to be established, we
present circumstantial evidence that SpdA may insulate 3′,
5′cAMP-mediated signaling from 2′, 3′-structural isomers.
Results
SpdA, a putative PDE
Inspection of the cyaD1 locus (Figure 1A), that contains the
clr gene as well as the clr–target gene smc02178, pointed to
the smc02179 gene product as a potential PDE that we sub-
sequently coined SpdA. SpdA belongs to a 15-member pro-
tein family sharing the IPR004843 domain characteristic of a
wide range of metallophosphoesterases, among which phos-
phorine phosphatases, nucleotidases, and class III PDEs. We
thus compared SpdA as well as the 14 other IPR004843-
containing proteins to known PDEs from Mycobacterium
tuberculosis (Rv0805), Haemophilus influenzae (Icc) and
Escherichia coli (CpdA and CpdB) [20-22].
Overall analysis of the whole protein family indicated
no clear phylogenetic relationship between the family
members besides the fact that SMc04449 and SMc04018
behaved as an outgroup together with CpdB, a periplasmic
2′, 3′ cAMP-PDE from E. coli (see Additional file 1). SpdA
closest homologue was M. tuberculosis Rv0805 and indeed
closer sequence inspection indicated that SpdA contained
the 5 sub-domains characteristic of Rv0805 and other class
III PDEs [17] (Figure 1B) whereas all other S. meliloti pro-
teins, except SMc02712, had fewer (see Additional file 1).
SpdA had a predicted cytoplasmic location and missed
the amino-terminal 200-aminoacid membrane anchoring
domain of Rv0805 [24].
spdA is expressed in planta, independently of clr and 3’,
5’cAMP
We probed expression of a translational spdA-lacZ fu-
sion (pGD2179, See Additional file 2) that contained
Mathieu-Demazière et al. BMC Microbiology 2013, 13:268 Page 2 of 12
http://www.biomedcentral.com/1471-2180/13/268
the intergenic region between smc02178 and spdA
(Figure 1A) as well as the first 12 codons of spdA. The
spdA-lacZ fusion did not detectably express ex planta
and instead expressed in Medicago sativa nodules with the
same pattern as smc02178 [3] i.e. expression in young
nodule primordia and in zones II and III of mature
nodules (Figure 2A-F). However, spdA expression in planta
was independent of clr, and ex planta expression could
not be induced by exogenous 3′, 5′cAMP, in contrast
to smc02178 expression (Figure 2G). None of the en-
vironmental conditions or compounds which we have
tested was able to stimulate spdA expression ex planta,
including 3′, 5′cGMP, 2′, 3′cAMP, 5′AMP, nodule extracts,
root exudates or several growth and stress conditions
(See Additional file 3).
Altogether these results indicated that spdA was
expressed in planta from its own promoter and had
the same expression pattern as smc02178 although the
two genes were not co-regulated.
SpdA is a 2′, 3′cNMP PDE
We purified the SpdA protein as a carboxy-terminal His6-
tagged fusion (Figure 3A). Under non-denaturing electro-
phoretic conditions the protein migrated as a monomer.
Figure 1 SpdA, a putative phosphodiesterase at the cyaD1 locus. (A) Genetic map of the cyaD1 locus on the S. meliloti chromosome. Arrows
indicate the direction of transcription. (B) SpdA has the five conserved subdomains (boxed) of class III phosphodiesterases. Sequence alignment
of SpdA with cyclic adenosine monophosphate phosphodiesterases from Escherichia coli (CpdA), Mycobacterium tuberculosis (Rv0805) and
Haemophilus influenzae (Icc) and S. meliloti. The invariant amino acids forming the metal ion binding sites of class III PDEs are marked with (#).
Alignment was made using ClustalW algorithm [23].
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Purified His6-SpdA protein displayed activity against the
generic PDE substrate BispNPP in vitro (Figure 3B). SpdA
had little or no activity against either 3′, 5′cAMP or 3′, 5′
cGMP but significantly hydrolyzed the positional isomers
2′, 3′cAMP and 2′, 3′cGMP (Figure 3C) which are prod-
ucts of RNA degradation [19]. The Km for 2′, 3′cAMP was
3.7 mM and kCat was 2 s-1 indicating a slow enzyme with
low affinity for its substrate in vitro (See Additional file 4).
We observed no inhibition of the enzyme by its substrate
and found that 3′, 5′cAMP did not affect SpdA activity on
2′, 3′cAMP.
Despite IPR004843-containing proteins being docu-
mented metalloenzymes, the metal chelators EDTA,
1-10-Phenanthroline and Bipyridyl, or the addition of
Fe2+ or Mn2+ metal ions, had no effect on SpdA activity
(see Additional file 5). Mass spectrometry of isolated SpdA
confirmed the absence of associated metal including
Mg2+, Mn2+ and Co2+ together with the monomeric state
of the protein. Indeed, a well resolved single mass peak
corresponding to the monomer was observed after Max-
Ent deconvolution of the spectra.
2′, 3′cAMP binds unproductively to Clr
In order to investigate a possible interference of 2′, 3′cyclic
nucleotides with 3′, 5′ cAMP-signaling we assessed the
capacity of 2′, 3′cAMP and 3′, 5′cAMP to bind Clr
in vitro. For this purpose, we purified a GST-tagged
version of Clr by affinity purification (Figure 4A). Purified
Clr protein was loaded onto a 3′, 5′cAMP-agarose column.
Bound Clr protein was then eluted with either the cognate
3′, 5′cAMP nucleotide or its 2′, 3′ isomer (30 mM). Both
nucleotides displaced agarose-bound Clr thus suggesting
that Clr could bind 3′, 5′cAMP and 2′, 3′cAMP at the
same binding site (Figure 4B, C).
Clr is a predicted transcriptional activator of the Crp family
[3]. Inspection of the smc02178 promoter region pointed to
a short palindromic sequence (TGTTCCGCGGGAAACA)
centered ca. 68 bp upstream of the predicted start codon
that was a potential binding site for Clr. Accordingly,
deletion of this motif abolished activation of the smc02178
promoter by clr in the presence of exogenously provided
3′, 5′cAMP (Figure 5A). In order to directly assess
whether this motif was a binding site for the Clr protein,
we tested the ability of purified Clr-GST to bind DNA
oligomers (28-mers) bracketing the putative Clr-binding
motif (Figure 5B) or a mutated version (Figure 5C). We
found that Clr induced a retard in oligomer migration
that was strictly dependent on the presence of 3′, 5′
cAMP, of an intact Clr-box and was Clr concentration-
dependent. However, no clear shifted band was observed,
irrespectively of the binding and gel electrophoresis
conditions tested, which probably reflected dissociation of
the Clr/cAMP/DNA complex. Nevertheless we interpreted
this as evidence that Clr bound the predicted Clr-box in a
3′, 5′cAMP-dependent manner. 2′, 3′cAMP was unable to
promote Clr binding to the Clr-box, at the same concentra-
tion as 3′, 5′cAMP. Mixed incubation of the two nucleo-
tides (1/1) with Clr in vitro showed no detectable effect of
2′, 3′cAMP on DNA-binding by Clr (Figure 6A, B).
We tested the impact of exogenously provided 2′, 3′
cAMP on smc02178 expression in vivo under different
experimental conditions. Exogenous 2′, 3′cAMP alone
was unable to promote activation of the smc02178-lacZ re-
porter fusion in vivo, even at high (7.5 mM) concentration
(Figure 6C). In contrast 2′, 3′cAMP had a negative impact
on 3′, 5′cAMP-driven smc02178 expression. Inhibition
reached 50% (Figure 6C) when 3′, 5′cAMP was produced
endogenously, as in normal physiological conditions,
upon addition to the bacterial culture of a Medicago
shoot extract containing the plant signal that triggers
activity of the CyaD1CyaD2CyaK ACs [3]. Inhibition
was only 30% when 3′, 5′ cAMP was provided exogenously
Figure 2 SpdA is expressed in planta, independently of clr.
Expression of a spdA-lacZ reporter gene fusion in S. meliloti 1021 [A-
C] and clr mutant [D-F], in infection threads (A, D), young nodules
(7 dpi) (B, E) and mature nodules (14 dpi) (C, F) of M. sativa. (G)
spdA-lacZ expression was monitored ex planta in S. meliloti 1021
strain after addition of 5 mM 3′, 5′cAMP or water as a negative
control. smc02178-lacZ was used as a control.
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(See Additional file 6). Noteworthy, the negative impact of
2′, 3′cAMP was not observed on a constitutive hemA-lacZ
reporter fusion (pXLGD4, see Additional file 2 and
Additional file 6) suggesting a specific effect of 2′, 3′
cAMP on 3′, 5′cAMP-mediated signaling.
Biological characterization of a S. meliloti spdA null mutant
As to get an insight into SpdA biological function we
inactivated the corresponding gene by cre-lox dele-
tion [25]. spdA inactivation decreased smc02178-lacZ
expression by ca. 25% in the presence of plant shoot
extracts, supposedly by increasing endogenous 2′, 3′
cNMP concentration in vivo. Combining spdA inacti-
vation together with exogenous 2′, 3′cAMP addition
decreased smc02178 expression to 40% of wild-type
(Figure 6C and See Additional file 6).
The spdA mutant had the same growth characteristics
as wild-type both in rich complex medium (LBMC) and
in synthetic Vincent medium with mannitol and glutam-
ate (VGM) as carbon and nitrogen sources (see Add-
itional file 7). We observed that exogenous 2′, 3′cAMP
extended bacterial growth in VGM medium, suggesting
that S. meliloti can grow by utilizing 2′, 3′cAMP, as
Yersinia does [26]. However the spdA mutant did not
differ from wild-type in this respect. The spdA mutant
also responded similarly to wild-type to various stress
conditions including detergent (SDS) and heat shock
(See Additional file 7).
spdA inactivation had no detectable effect on symbi-
otic performances, including nodulation, infection and
nitrogen fixation (plant dry weight), on Medicago sativa
nor on the level or pattern of smc02178 symbiotic ex-
pression in planta (See Additional file 8).
Hence we did not detect any phenotype associated
with the spdA mutation besides its limited effect on 3’,
5’ cAMP-signaling.
Discussion
Clr is a 3′, 5′cNMP-dependent DNA-binding transcriptional
activator
The findings reported here give experimental support
and extend the model proposed by [3], as we demon-
strated that Clr binds to the smc02178 promoter region
at a specific site in a 3′, 5′cAMP-dependent manner.
The transcription start site (TSS) at the smc02178 pro-
moter was not determined experimentally here. How-
ever a single smc02178 TSS was mapped in the closely
related strain 2011 by RNA-sequencing of a pool of bac-
teria living in 16 different free-living and stress condi-
tions [27]. The TSS mapped 61.5 bp downstream of the
center of the Clr-box which is the distance typically
found in class I Crp(CAP)-dependent promoters. In
Class I promoters, a single protein–protein interaction
with CAP facilitates the binding of RNA-Polymerase to
the promoter to yield the RNA-Polymerase–promoter
closed complex [28].
One salient feature of Clr binding at the smc02178
promoter DNA was instability. In spite of the many
binding and electrophoresis conditions tested, we con-
sistently observed a smear instead of a clear-cut band
Figure 3 SpdA is a phosphodiesterase. (A) Purification of
SpdA-His6 protein on a Ni agarose column (Qiagen). 1: Molecular
weight markers, 2: Purified SpdA-His6, 3: culture sonication
supernatant, 4: Column flowthrough, 5: E. coli BL21(DE3) pET::2179
cells treated with IPTG, 6: E. coli BL21(DE3) pET::2179 cells, no IPTG.
(B) SpdA was incubated with the general phosphodiesterase
substrate bis-pNPP. The amount of p-nitrophenol produced was
measured at 405 nm. (C) Phosphodiesterase activity was measured
from phosphate release after incubation of cyclic nucleotides with
SpdA and CIP.
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shift upon binding of Clr to its target DNA. One fea-
ture that may account for this instability is that the Clr
binding site is TGTTN8AACA, a shorter palindrome
as compared to the consensus E. coli CRP(CAP)-binding
site TGTGAN6TCACA. Identification of this bind-
ing motif, together with transcriptome analysis experi-
ments, will help identification of new Clr targets in the
S. meliloti genome.
The reason for which 2′, 3′cAMP did not promote
DNA-binding of Clr is unclear. Although Clr bound 2′,
3′cAMP in vitro at high concentration (30 mM), it may
not do so at the concentration of 2′, 3′cAMP that we used
in EMSA assays (200 μM). Alternatively, 2′, 3′cAMP may
not trigger the appropriate conformational change that al-
lows Crp binding to DNA. Further experiments are needed
to distinguish between these two possibilities.
SpdA encodes a 2′ , 3′cNMP phosphodiesterase
Class III PDEs are metallophosphoesterases carrying the
IPR004843 domain. IPR004843-containing proteins have
a wide range of substrates, including cyclic nucleotides,
and ensure a variety of biological functions [17]. S. meliloti
has 15 uncharacterized IPR004843-containing proteins
(see Additional file 1) and we have demonstrated that
purified SpdA has a PDE activity in vitro (Figure 3).
We have further found that SpdA had no or little activity
against 3′, 5′cAMP or 3′, 5′cGMP and instead had high
activity against 2′, 3′cAMP or 2′, 3′cGMP. Although this
cannot be formally excluded it is unlikely that SpdA would
have a predominant 3′, 5′cAMP PDE activity in vivo
since a SpdA null mutant had lower, and not enhanced,
smc02178 expression in vivo (Figure 6C).
Substrate specificity varies widely among class III PDEs.
CpdA from E. coli and P. aeruginosa, Icc from Haemophilus
influenzae are 3′, 5′cNMP PDEs [21,22,29] whereas E. coli
CpdB was the first described 2′, 3′cNMP-specific PDE [30].
Rv0805 from M. tuberculosis, although it was first reported
as a 3′, 5′cNMP PDE [20], has a much stronger activity
(150 times fold) against 2′, 3′cNMP than against 3′, 5′
cNMP [31]. Myxococcus xanthus PdeA and PdeB instead
hydrolyse 2′, 3′cNMP and 3′, 5′cNMP with the same
affinity [32]. Hence class III PDEs substrate specificity
cannot be predicted from simple primary sequence inspec-
tion. It is thus possible that several IPR004843 proteins of
S. meliloti display a 2′, 3′cyclic phosphodiesterase activity,
thus contributing a functional redundancy.
A surprising feature of SpdA was the absence of as-
sociated metal ion which is, to our knowledge, unique
among IPR004843-containing proteins. Rv0805 activity
for example was not inhibited by metal chelators but was
boosted by Mn2+ addition [20]. However, it has been already
reported that the iPGM protein from castor bean that be-
longs to a superfamily of metalloenzymes [33] was actually
metal-independent [34]. Moreover, the Carboxy-terminal
A
45 kDa 
45 kDa 
C
B
1 2  3  4  5 6 7 8  9 10 11
1  2 3 4 5 6 7 8 9 10 11
1 2 3 4 5 6 7
45 kDa 
Figure 4 Purified Clr binds 3′, 5′cAMP and 2′, 3′cAMP nucleotides
in vitro. (A) Clr-GST purification on a glutathione sepharose column. 1:
Molecular weight markers, 2: Bacterial sonication pellet, 3: Sonication
supernatant, 4: Column flowthrough, 5: Column wash, 6: Purified Clr-GST,
7: Clr-GST concentrated on centricon CO10000. (B,C) Clr affinity
chromatography on a 3′, 5′cAMP-Agarose column (Sigma) and
fraction analysis by SDS-PAGE (4-12%). 1: Molecular weight markers,
2: Free Clr (load), 3 : Flowthrough, 4-10: column wash, 11: eluted
fraction by either 30 mM 3′, 5′cAMP (B) or 30 mM 2′, 3′cAMP (C).
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HD domain of the E. coli tRNA nucleotidyltransferase has
a metal-independent phosphodiesterase activity toward 2′,
3′cAMP [35]. Thus, the fact that SpdA displays metal-
independent 2′, 3′cNMP-phosphodiesterase activity is not
completely unprecedented. Mass spectrometric measure-
ments performed under mild ionization conditions also
pointed out that the well-defined monomeric form of the
protein did not present any demetallation.
The 2′, 3′cNMP substrate specificity of SpdA leaves
the question of 3′, 5′cAMP turnover intact. One option
would be to identify a 3′, 5′cNMP PDE among the 14
other S. meliloti proteins containing the IPR004843
domain. Another, non-exclusive, possibility would be a
regulation of 3′, 5′cAMP homeostasis by secretion ra-
ther than by degradation [36].
Possible biological functions for SpdA
Very little is known about the origin, role and fate of 2′, 3′
cyclic nucleotides. One documented origin is RNA degrad-
ation and physiological or stressful conditions may indeed
lead 2′, 3′cNMPs to accumulate in bacteria. We are not
aware of any other origin such as, for example, isomeriza-
tion of corresponding 3’, 5’ cyclic nucleotides. In this con-
text, SpdA may serve at least three different, non-exclusive,
functions: a metabolic function, a detoxifying function and a
role in preventing cross talk with 3′, 5′cAMP signaling.
Although S. meliloti likely metabolized exogenous 2′,
3′cAMP (See Additional file 7), spdA was not critical
for this since the mutant grew indistinctly from wild-
type under these conditions.
2′, 3′cAMP was recently reported to be a toxic compound
in kidney cells, that opens mitochondria permeability
transition pores thus leading to a pre-apoptotic and
necrotic stage [37]. We thus considered whether SpdA
may counteract a toxic effect of 2′, 3′cNMPs in S.
meliloti. However the unaltered growth characteristics
of the spdA mutant as compared to wild-type in various
growth (including the presence of exogenous 2′, 3′cAMP)
and stress conditions (see Additional file 7) did not give
support to this possibility.
A third possibility would be SpdA preventing cross-talk
between 2′, 3′cyclic nucleotides and 3′, 5′cAMP signaling.
Several lines of evidence are in favor of this possibility:
(i) the evolutionary-conserved physical location of spdA
WT box           Deleted box
A
C
B
Figure 5 3′, 5′cAMP promotes Clr binding to the Clr-box at the
smc02178 promoter. (A) smc02178-lacZ expression was monitored
ex planta in S. meliloti 1021 WT and a Clr-box deleted strain (TGΔCA)
after addition of 3′, 5′cAMP. (B, C) EMSA assays showing Clr-GST
binding to 28-mers oligomers carrying the WT Clr-box (B) or a
mutated version (C) (see Additional file 10). Assays were performed
in the presence of 1.75 nM oligomers, 200 μM 3′, 5′cAMP, and varied
amounts of Clr (35 μM, 17.5 μM, 8.75 μM, 3.5 μM and 1.75 μM). See
methods for details.
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in close proximity to cyaD1, clr and the target gene
smc02178 in all the sequenced strains of Sinorhizobium
meliloti, Sinorhizobium saheli and Sinorhizobium fredii
(https://www.genoscope.cns.fr/agc/microscope/mage/); [38]
(ii) spdA expression in nodules at the same place where
3′, 5′cAMP signaling takes places [3] and where a massive
RNA degradation occurs as part of the reorientation of the
bacteroid transcriptome to the goal of nitrogen fixation
[39] (iii) a significant and specific decrease in smc02178
expression upon providing exogenous 2′, 3′cAMP (iv) the
spurious interaction of 2′, 3′cAMP with Clr.
Whatever SpdA function, the high Km value measured
in vitro for the 2′, 3′cAMP substrate (3.7 mM) would
imply that the cyclic nucleotide accumulates in high
amounts in bacteroids, unless specific physiological or
biochemical conditions lower Km value in vivo. Developing
methods for direct measurements of 2′, 3′cNMP levels
in bacteroids, where spdA preferentially expresses, is now
needed to clarify this issue. A ribonucleic origin for 2′, 3′
cAMP/cGMP would make sense physiologically given the
extensive transcriptome reprofiling taking place in bacte-
roids [39] and the abundance of VapC-type ribonucleases
in S. meliloti genome [40]. Intriguingly, the human intra-
cellular pathogen M. tuberculosis shares with S. meliloti,
despite the large phylogenetic distance separating them,
a wealth of ACs, a Clr-like transcriptional regulator as well
as a close homolog of SpdA, Rv0805. Rv0805, like SpdA,
has a preferential activity–and similar Km value-towards 2′,
3′ cyclic nucleotides [31] and contributes to overall bacterial
virulence on macrophages, by a still obscure mechanism
[11,12,24]. Interestingly, M. tuberculosis and S. meliloti
have in commun a high number of VapC-type RNases
of the VapC(B)-toxin (antitoxin) family [40,41].
Altogether this suggests the intriguing possibility that
SpdA, Rv0805 and other cytoplasmic PDEs may constitute
a physiological adaptation in bacteria with a high RNA
turnover, possibly in relationship with 3′, 5′cAMP-
mediated signaling.
Conclusion
Signal transduction in bacteria is dominated by two-
component regulatory systems [42]. However, some
bacteria, including important pathogens and symbionts,
use cyclic or dicyclic nucleotide signaling for modulat-
ing interaction with their abiotic or biotic environment
[43,44]. Characterization of enzymes and mechanisms
that synthesize and degrade secondary messenger mole-
cules, restrict their diffusion within the cell and prevent
cross-talking by diffusible isomers, is needed for fully
understanding cyclic nucleotide signaling. In the context
of characterizing 3′, 5′cAMP-mediated signaling in the
S. meliloti-Medicago symbiosis, we have identified a plant-
expressed 2′, 3′cAMP/cGMP specific phosphodiesterase
whose biological function remains to be elucidated. Cir-
cumstantial evidence suggests that one SpdA function
could be to insulate 3′, 5′cAMP-based signaling from
2′, 3′ cyclic nucleotides of metabolic origin.
Methods
Bacterial strains, plasmids, and growth conditions
Plasmids and bacterial strains used in this study are listed
in Additional file 2 and Additional file 9 respectively.
S. meliloti strains were grown at 28°C in rich LB medium
supplemented with 2.5 mM CaCl2 and 2.5 mM MgSO4
(LBMC) or in modified Vincent synthetic medium with
glutamate (0.1%) and mannitol (1%) as nitrogen and carbon
sources, respectively (VGM) [45]. E. coli strains were grown
at 37°C in rich LB medium.
The concentrations of antibiotics used for S. meliloti
cultures were 200 μg/ml for streptomycin, 100 μg/ml for
A
C
*
*
*
B
Figure 6 2′, 3′cAMP effect on Clr-DNA binding and smc02178
expression. (A, B) EMSA assays showing Clr binding to 28-mers
oligomers including the wt Clr-box (A) or a mutated version (B), as
in Figure 5. Assays were performed in the presence of 1.75 nM
oligomers, 200 μM 3′, 5′cAMP and/or 200 μM 2′, 3′cAMP, and 69 μM
Clr (for details, see methods). (C) smc02178-lacZ expression was
monitored ex planta in S. meliloti 1021 WT and a ΔSpdA strain after
addition of M. sativa shoots extract (MS) and/or 7.5 mM 2′, 3′cAMP.
*p < 0.03 compared to the wild type.
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neomycin, 10 μg/ml for tetracycline, and 30 μg/ml for
gentamicin. The concentrations of antibiotic used for
E. coli cultures were 50 μg/ml for ampicillin and 25 μg/ml
for kanamycin.
Stress responses
Bacterial response to SDS and heat shock was evaluated
by analysis of the growth curves of WT and ΔSpdA mu-
tant in liquid LBMC. Strains were challenged with SDS
(0.01% v/v) at OD600 0.1 and heat shock (50°C for 20 min)
was applied to overnight cultures before dilution at
OD600 0.1. Aliquots were collected at different time
intervals, OD600 was measured and residual growth was
determined [46].
Construction of plasmids and mutant strains
Primers used for DNA amplification are listed in Additional
file 10. S. meliloti 1021 was used as template for DNA
amplification. For deletion of the spdA gene, we used
the cre-lox system [25]. PCR fragments encompassing
the upstream/amino-terminal coding region and the
downstream/carboxyl-terminal coding region of spdA
were amplified using CreLox 2179 up Left-CreLox 2179 up
Right and 2179 Down NcoI-2179 Down HincII as primers
(See Additional file 10), digested by SacI-SacII and
NcoI-HincII, and cloned into the SacI-SacII and NcoI-
HincII restriction sites of pCM351, respectively. The
resulting plasmid was introduced into the S. meliloti
1021 strain by conjugation. Transconjugants sensitive to
tetracycline and resistant to gentamicin were screened. A
ΔspdA mutant was selected. The spdA-expressing construct
pET::2179 was obtained after amplification of the spdA
gene-coding region using S. meliloti 1021 genomic DNA
as template and LNdeI2179 and RHindIII 2179 as primers.
The PCR fragment was digested with NdeI and HindIII
and cloned into the NdeI-HindIII digested pET-22b
plasmid to yield pET::2179. The Clr-expressing construct
pGEX::clr was obtained after amplification of the clr
gene-coding region using S. meliloti 1021 genomic
DNA as template and ClrBamHI and ClrEcoRI as primers.
The PCR fragment was digested with BamHI and EcoRI
and cloned into the BamHI-EcoRI digested pGEX-2T to
yield pGEX::clr.
To construct pGD2179, that carries a spdA-lacZ transla-
tional fusion, a 177-bp PCR fragment encompassing the
spdA promoter region was amplified using 2179left and
2179right primers, digested with HindIII and BamHI, and
cloned in the in-frame orientation at the same sites of the
lacZ translational fusion plasmid pGD926. The pAMG2178
plasmid was obtained after amplification of the smc02178
promoter-coding region using S. meliloti 1021 genomic
DNA as template and BamHI 2178 and Hind BoxL as
primers. For pAMG2178ΔClrbox, PCR fragments encom-
passing the upstream region Clr box and the downstream
region Clr box of the smc02178 promoter were amplified
using 2178 H-BoxLPstI and X 2178-BoxRPstI as primers.
The two fragments obtained were digested by PstI and
then ligated and amplified by PCR using BamHI 2178 and
Hind BoxL as primers. The two fragments p2178WT
(134 bp) and p2178ΔClrbox (128 bp) were then cloned
into pGD926 vector.
All constructs were verified by PCR and Sanger se-
quencing in E. coli and by PCR in S. meliloti. Plasmids
were transferred from E. coli to S. meliloti by triparental
mating using pRK600 as the helper plasmid. pET::2179 and
pGEX::clr were directly transferred into E. coli BL21(DE3)
and SP850 respectively.
Protein purifications
For His6-SpdA purification, an overnight culture of E. coli
strain BL21(DE3) pET::2179 expressing wild-type S. meliloti
spdA was diluted at OD600 0.1 in 250 ml of LB medium
containing Ampicillin (Amp 50 μg/ml). Cultures were
grown with shaking at 28°C. When the OD600 reached
0.8, 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG)
was added, and cultures were grown for 5 additional hours.
Bacteria were collected by centrifugation (10,000x g for
30 min at 4°C), and pellets were washed with 60 ml Tris
buffer (20 mM Tris–HCl [pH 8.0]). Bacteria were collected
by centrifugation (10,000x g for 30 min at 4°C), and pellets
were stored at−80°C. All of the subsequent procedures were
performed at 4°C. Thawed bacteria were resuspended in
5 ml of buffer A (50 mM Tris–HCl [pH 8.0], 250 mM
NaCl, 10% glycerol) and lysed by sonication. The lysates
were centrifuged to remove the cell debris at 10,000x g for
30 min at 4°C. The supernatant was loaded to a Ni-NTA
resin (Qiagen) equilibrated with buffer B (50 mM Tris–HCl
[pH 8.0], 250 mM NaCl, 10% glycerol, 10 mM Imidazol,
and 5 mM β-Mercaptoethanol). After washing with the
buffer B containing 20 mM Imidazol, the bound pro-
tein was eluted using the buffer B containing 250 mM
Imidazol. Protein was desalted into buffer A. Purified
protein aliquots were stored at−80°C.
For Clr-GST purification, an overnight culture of E. coli
strain SP850 pGEX::clr expressing wild-type S. meliloti clr
was diluted at OD600 0.1 in 1 l of LB medium containing
Ampicillin (Amp 50 μg/ml) and Kanamycin (Kan 25 μg/ml).
Cultures were grown with shaking at 28°C. When the
OD600 reached 0.8, 1 mM isopropyl β-D-1-thiogalactopy-
ranoside (IPTG) was added, and cultures were grown for 5
additional hours. Bacteria were collected by centrifugation
(10,000x g for 30 min at 4°C), and pellets were washed
with 60 ml PBS buffer (140 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, 1.8 mM KH2PO4, [pH 7.3]). Bacteria were
collected by centrifugation (10,000x g for 30 min at 4°C),
and pellets were stored at−80°C. All of the subsequent
procedures were performed at 4°C. Thawed bacteria were
resuspended in 10 ml PBS buffer and lysed by sonication.
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The lysates were centrifuged to remove the cell debris at
10,000x g for 30 min at 4°C. The supernatant was loaded to
a Glutathione sepharose 4B resin (GE Healthcare) equili-
brated with PBS buffer. After washing with PBS buffer, the
bound protein was eluted using 50 mM Tris–HCl buffer
[pH 8.0] containing 10 mM reduced glutathione. Protein
was desalted on Amicon CO 10,000 (Millipore) and buffer
exchanged with 0.1 M Phosphate buffer [pH 7.0] containing
50 mM NaCl. Purified protein aliquots containing 10%
glycerol were stored at−80°C.
Infusion ESI-Q-TOF experiment
ElectroSpray Ionization coupled with a quadrupole-time
of flight tandem was used in the positive ion mode using
a Q-TOF Ultima Instrument (Waters). The SpdA protein
was dissolved in water with 0.05% formic acid and directly
introduced into the source at a flow rate of 5 μl/min.
Capillary entrance voltage was set to 2.7 kV, and dry gas
temperature to 150°C. Voltages: Cone: 80 V, Rf lens: 40 V.
MS profile [500 (10%), 1500 (60%), 2500 (20%), ramp 10%].
Scanning domain: m/z 1000-3000. Calibration was per-
formed with orthophosphoric clusters. Continuum spectra
exhibiting multicharged ions were transformed into
molecular mass envelops using the MaxEnt 1 software.
Electromobility shift assay
A set of DNA probes covering the predicted Clr binding
palindrome were obtained by annealing two complementary
oligonucleotides. The annealing reactions were per-
formed in water with 25 μM strand + (WTN8+ or MN8+
(see Additional file 10)) and 25 μM strand–(WTN8-or
MN8-(see Additional file 10)) for each probe in a total re-
action volume of 100 μl. Mixes were incubated at 95°C
during 5 min following by slow cooling to 25°C. 175 nM
double-strands probes were end labelled using 20 μCi
of [ATPγ-32P] and 10 U of T4 polynucleotide kinase
(Promega). Probes (1.75 nM each) were incubated in
binding buffer (10 mM Tris [pH 8.0], 1 mM EDTA,
1 mM DTT, 10 μg/ml bovine serum albumin, 100 mM KCl)
containing 50 μg/ml poly(2′-deoxyinosinic-2′-deoxycytidylic
acid) (Sigma) and 10% glycerol for 30 min at room
temperature with purified Clr and 3′, 5′cAMP or 2′,
3′cAMP added to the concentrations indicated in the
figure legends in a final reaction volume of 15 μl. Sam-
ples were subjected to electrophoresis on a 10% poly-
acrylamide TBE 0.5 X gel containing 4% PEG-8000.
Electrophoresis was conducted in TBE 0.5 X buffer at
80 V at room temperature. Gels were dried and analysed
by autoradiography.
Plant assays and plant extracts preparation
Seeds of M. sativa cv. Europe were surface sterilized,
germinated, and allowed to grow in 12-cm2 plates con-
taining slanting nitrogen-free Fahraeus agar medium
for 3 days at 22°C with day/night cycles of 16/8 h. The
plants were inoculated with 2.103 bacteria per plant.
Nodules were counted every day during 8 days then every
2 days until 35 days post-inoculation (dpi). At 35 dpi,
shoots were collected and dried overnight at 65°C for
weight measurements. Plant extracts were prepared as
previously described [3].
β-Galactosidase assays
S. meliloti strains carrying the pGD2178, pXLGD4 or
pGD2179 plasmids were grown at 28°C in VGM. Over-
night cultures were diluted to an OD600 of 0.1 in VGM
and grown for an additional 2 h. 5 ml-cultures supple-
mented with 3′, 5′cAMP (2.5 mM or 5 mM), 2′, 3′
cAMP (7.5 mM) or 5 mM 3′, 5′cGMP were grown for
an additional 5 hours at 28°C. Overnight incubation was
used for other potential inducers listed in Additional file 3.
β-Galactosidase activities were measured (Miller units)
using 1 ml of culture (or 0.1 ml for overnight cultures),
as previously described [47].
Cytological techniques
Plants were inoculated with S. meliloti strains carrying the
pGD2178 or the pGD2179 plasmid. Entire roots were
collected 7 dpi or 14 dpi, fixed with 2% (vol/vol) glutaralde-
hyde solution for 1.5 h under vacuum, rinsed three times
in Z buffer (0.1 M potassium phosphate buffer [pH 7.4],
1 mM MgSO4, and 10 mM KCl), and stained overnight at
28°C in Z buffer containing 0.08% 5-bromo-4-chloro-3-
indolyl-D-galactoside (X-gal), 5 mM K3Fe(CN)6, and 5 mM
K4Fe(CN)6. Nodules were harvested at 14 dpi, fixed with
2% (v/v) glutaraldehyde in Z buffer, and then sliced into
70 μm-thick longitudinal sections using a vibrating-blade
microtome (VT1000S; Leica) before staining overnight at
28°C. Entire roots or nodule sections were observed under
a light microscope.
Phosphodiesterase activity assays
Biochemical assays were performed in 50 mM Tris–HCl
[pH 8], 5 mM β-Mercaptoethanol, 10 mM NaCl, 100 μM
MnCl2, and 0 to 2.5 mM bis-P-nitrophenyl phosphate in
a total volume of 50 μl. Reactions were initiated by the
addition of 120 nM SpdA and the reaction was stopped after
10 min at 25°C by the addition of 10 μl of 200 mM NaOH.
Release of p-nitrophenol was determined by measuring the
absorbance at 405 nm. Cyclic NMP assays were performed
in reaction mixtures containing 50 mM Tris–HCl [pH 8],
5 mM β-Mercaptoethanol, 10 mM NaCl, 10 mM cyclic nu-
cleotides, 1 μM SpdA and 10 U calf intestine phosphatase
(CIP) were incubated 10 min at 25°C, and were stopped by
the addition of 1 ml Biomol Green Reagent (Enzo). Released
of phosphate was determined by measuring the absorbance
at 620 nm. The kinetic values were determined using
the equation of v = Vmax [S]/(Km + [S]) where v, Vmax,
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Km and [S] represent the initial velocity, the maximum
velocity, the Michaelis constant and the substrate con-
centration, respectively. The Kcat was calculated by div-
iding Vmax by the concentration of enzyme used in the
reaction (Kcat = Vmax/[enzyme]).
cAMP-binding assay
3′, 5′cAMP affinity matrix was purchased from Sigma.
4.5 mM of purified Clr-GST was incubated in batch with
200 μl of 3′, 5′cAMP-agarose, previously equilibrated in
buffer A (100 mM sodium phosphate buffer [pH 7],
50 mM NaCl, at 4°C during 30 min on a rotary mixer. After
washing 7 times with 1 ml buffer A, bound protein was
eluted by 30 min incubation in 1 ml buffer A supplemented
with 30 mM 3′, 5′cAMP or 30 mM 2′, 3′cAMP at 4°C.
Fractions were analysed by 12% SDS-PAGE.
Additional files
Additional file 1: SpdA, a putative Class III phosphodiesterase.
(A) Phylogenetic tree generated with Phylogeny.fr [1]. The tree shows the
phylogenetic relationship of the 15 IPR004843-containing proteins of
S. meliloti with known phosphodiesterases from M. tuberculosis (Rv0805),
H. influenzae (Icc) and E. coli (CpdA and CpdB). (B) Table showing the
distribution of the five class III PDE subdomains among the 15
IPR004843-containing proteins from S. meliloti.
Additional file 2: Plasmids used in this study.
Additional file 3: Molecules and conditions tested for expression of
spdA ex planta.
Additional file 4: Enzymatic characteristics of purified SpdA.
(A)Lineweaver-Burk representation of SpdA kinetics of hydrolysis of 2′, 3′
cAMP. Purified SpdA was assayed as described in methods. (B)SpdA
kinetic values.
Additional file 5: SpdA does not require metal cofactor for 2′, 3′
cAMP hydrolysis. (A) Activity assayed in absence (CT) or presence of
ions chelators. (B) SpdA activity in absence (CT) or presence of added
bivalent ions.
Additional file 6: 2′, 3′ cAMP weakens smc02178-lacZ expression.
(A) smc02178-lacZ expression was monitored ex planta in S.meliloti 1021
WT and ΔSpdA background strains after addition of 2.5 mM 3′, 5′-cAMP
and/or 7.5 mM 2′, 3′-cAMP. ***p < 1.3E-06, **p < 0.0001, *p < 0.003 with
respect to the wild type. (B) hemA-lacZ expression was monitored
ex planta in S. meliloti 1021 WT and ΔSpdA background strains after
addition of 2.5 mM 3′, 5′-cAMP and/or 7.5 mM 2′, 3′-cAMP.
Additional file 7: Growth characteristics and stress adaptability of
the ΔSpdA mutant. (A) Growth curves of 1021 WT and ΔSpdA mutant
strains in LBMC or in VGM supplemented or not with 7.5 mM 2′, 3′ cAMP.
(B and C) sensitivity of 1021 WT and ΔSpdA strains to SDS (B) and heat
shock (C) (see methods for details).
Additional file 8: spdA mutant symbiotic phenotype. (A) Nodulation
kinetics on M. sativa following inoculation with S. meliloti 1021 and
ΔSpdA mutant. (B) Dry weight of M. sativa shoots 35 dpi (C and D).
Expression pattern of the smc02178-lacZ reporter gene fusion in young
(7dpi) nodules of M. sativa following inoculation with S. meliloti 1021
(C) and ΔSpdA mutant (D).
Additional file 9: Bacterial strains used in this study.
Additional file 10: Primers and oligonucleotides used in this work.
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Additional file 1: SpdA, a putative class III Phosphodiesterase. (A) Phylogenetic tree generated with
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S. meliloti with known phosphodiesterases from M. tuberculosis (Rv0805), H. influenzae (Icc) and E. coli
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Plasmid Description Reference/source 
   
pGEX-2T 
 
pGEX ::clr 
Cloning vector containing a N-terminal GST Tag sequence, a Taq 
promoter and a lacIq coding sequence, Ampr 
pGEX-2T cloning vector containing clr , Ampr 
GE Healthcare 
 
This work 
pET-22b(+) 
 
pET ::2179 
Cloning vector containing a C-terminal His Tag sequence, a T7 
promoter and a lacI coding sequence, Ampr 
pET-22b(+) cloning vector containing spdA, Ampr 
Novagen 
 
This work 
pGD926 pRK290 derivative containing a promoterless lacZ gene, Tetr [1] 
pGD2178 pGD926 containing the 399 bp promoter region upstream ATG of 
the smc02178 gene, Tetr 
[2] 
pAMG2178 pGD926 containing the 102 bp promoter region upstream ATG of 
the smc02178 gene, Tetr 
This work 
pAMG2178ΔClrbox pGD926 containing the 102 bp promoter region deleted for the Clr 
box upstream ATG, Tetr 
This work 
pGD2179 pGD926 containing the 122 bp promoter region upstream ATG of 
the spdA gene , Tetr 
This work 
pXLGD4 hemA-lacZ reporter plasmid, Tetr [3] 
pCM351 Allelic exchange vector bearing a gentamicin cassette flanked by 
loxP sites, Genr, Tetr 
[4] 
pRK600 Helper conjugative plasmid, ColE1 replicon with RK2 transfer 
region, Chlr 
[5] 
 
 
1. Ditta G, Schmidhauser T, Yakobson E, Lu P, Liang XW, Finlay DR, Guiney D, Helinski DR: Plasmids related 
to the broad host range vector, pRK290, useful for gene cloning and for monitoring gene expression.
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Additional file 3. Molecules and conditions tested for expression of spdA ex planta 
3'5'cAMP 5 mM Proline 0,2% (v/v) 
2'3'cAMP 5 mM MnSO4 1 mM 
3'5'cGMP 5 mM Microoxic growth conditions 
5'AMP 5 mM Growth temperature 22°C 
M. sativa shoots extract 10% (v/v) FeCl3 deficiency (0,35 μM) 
M. sativa nodules extract 10% (v/v) FeCl2 35 μM 
M. sativa flowers extract 10% (v/v) MnCl2 35 μM 
M. trucatula roots exudates 10% (v/v) Spermine NONOate 25 μM 
M. truncatula seeds exudates 10% (v/v) H2O2 5 mM 
Luteoline 10 μM   
 
AB
Vmax
( μmole.min-
1.mg-1)
Km (mM) KCat ( S-1) KCat/Km (M-1
S-1)
3.79 (+/- 1.36) 3.84 (+/- 1.05) 2 (+/- 0.7) 520
Additional file 4: Enzymatic characteristics of purified SpdA. (A) Lineweaver-Burk representation of SpdA
kinetics of hydrolysis of 2', 3'cAMP. Purified SpdA was assayed as described in methods. (B) SpdA kinetic
values.
AB
Additional file 5: SpdA does not require metal cofactor for 2', 3'cAMP hydrolysis. (A) Activity assayed in
absence (CT) or presence of ions chelators. (B) SpdA activity in absence (CT) or presence of added bivalent
ions.
AB
*
**
***
Additional file 6: 2', 3'cAMP weakens smc02178-lacZ expression. (A) smc02178-lacZ expression was
monitored ex planta in S. meliloti 1021 WT and ΔSpdA background strains after addition of 2.5 mM 3', 5'-
cAMP and/or 7.5 mM 2', 3'-cAMP. ***p<1.3E-06, **p<0.0001, *p<0.003 with respect to the wild type.(B)
hemA-lacZ expression was monitored ex planta in S. meliloti 1021 WT and ΔSpdA background strains after
addition of 2.5 mM 3', 5'-cAMP and/or 7.5 mM 2', 3'-cAMP.
AB C
Additional file 7: Growth characteristics and stress adaptability of the ΔSpdA mutant. (A) Growth curves
of 1021 WT and ΔSpdA mutant strains in LBMC or in VGM supplemented or not with 7.5 mM 2', 3'cAMP.
(B and C) sensitivity of 1021 WT and ΔSpdA strains to SDS (B) and heat shock (C) (see methods for details).
AB
Additional file 8: spdA mutant symbiotic phenotype. (A) Nodulation kinetics on M. sativa following
inoculation with S. meliloti 1021 and ΔSpdA mutant. (B) Dry weight of M. sativa shoots 35 dpi (C and D).
Expression pattern of the smc02178-lacZ reporter gene fusion in young (7dpi) nodules of M. sativa
following inoculation with S. meliloti 1021 (C) and ΔSpdA mutant (D).
Additional file 9. Bacterial strains used in this study 
Strain Description Reference/Source 
1021 Strr derivative of S. meliloti strain SU47 [1] 
GMI11567 1021 clr::pVO155, Strr, Neor [2] 
GMI11892 1021 ΔspdA, Strr, Genr This work 
SP850 E. coli cyaA1400 Ampr, Kanr [3] 
DH5α E. coli fhuA2 Δ(argF-lacZ)U1 69 phoA glnV44 Φ80 Bethesda Research 
 Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17                   
BL21(DE3) F- ompT gal dcm lon hsdSB(rB- mB-) λ(DE3) pLysS(cmr)  Stratagene 
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Additional file 10. Primers and oligonucleotides used in this work 
 
Gene 
 
Primer  name 
  
Sequence 5' to 3' 
 
5' end  
restriction site 
    
spdA 2179left  CCCAAGCTTGATTGCAGTGATGAGGG                          HindIII 
spdA 2179right GCGGATCCACCATGTGGAGGTCGGAG BamHI 
spdA CreLox 2179 up Left CGAGCTCGAATTCGATCTCGAACGCAAC SacI 
spdA CreLox 2179 up Right TCCCCGCGGGGAGTGGAGGTCGGAGAAAATGA SacII 
spdA 2179 Down NcoI CATGCCATGGGGCATTCCCTTCTCGATCTT NcoI 
spdA 2179 Down HincII CCGGTCGACGATGGGGCGTATGTCGTAGA HincII 
spdA LNdeI2179  CATATGACGAAGCTCATCATTTTC  NdeI 
spdA LRHindIII2179 AAGCTTCGCTCCCACCGCGTCGCGCCTT HindIII 
clr ClrBamHI CGGGATCCATGGCTGAAGTCAT   BamHI 
clr ClrEcoRI GGAATTCTCAATCCTCCTCCGG EcoRI 
smc02178 BamHI 2178 CGGGATCCAGGCTCGATCCAACGTGTTTCTTC BamHI 
smc02178 Hind BoxL CCAAGCTTGCTGCTTCAACTCACCGTTT HindIII 
smc02178 2178 H CGAAGCTTCGTCAGGACATAATCCTTGTCGAG HindIII 
smc02178 BoxLpstI TTTCTGCAGCGGTGAAGGCGATGAAAC PstI 
smc02178 X2178 GCTCTAGAAGCTTCTGTCCAGCCCTGT XbaI 
smc02178 BoxRpstI AAACTGCAGATGCCGGGTCGGGGC PstI 
smc02178 WTN8- GGCATCTGTTCCGCGGGAAACAGCGGTG  
smc02178 WTN8+ CACCGCTGTTTCCCGCGGAACAGATGCC  
smc02178 MN8- GGCATCGCCACCGCGGGAGCTGGCGGTG  
smc02178 MN8+ CACCGCCAGCTCCCGCGGTGGCGATGCC   
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Figure 22 : SpdA overexpressing mutant symbiotic phenotype.  
(A) Nodulation kinetics on M. sativa following inoculation with S. meliloti 1021 and SpdA 
overexpressing mutant. (B) Dry weight of M. sativa shoots 35 dpi. (C and D), Expression pattern of 
the smc02178-lacZ reporter gene fusion in young (7dpi) nodules of M. sativa following inoculation 
with S. meliloti 1021 (C) and SpdA overexpressing mutant (D). (E) Expression of the smc02178-lacZ
reporter gene fusion ex planta in presence of a M. sativa shoots extract in a WT strain (light grey) 
and a SpdA overexpressing mutant (dark grey). 
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III. Complementary results 
 
1. Biological characterization of a S. meliloti spdA overexpressing mutant 
In order to complement the study about the biological function of SpdA, I constructed a S. 
meliloti spdA-overexpressing strain using the multi-copy plasmid PBBR1MCS-5, a pBBR322 
derivative (see material and methods). spdA overexpression had no detectable effect on 
symbiotic performances, including nodulation (Figure 22A), infection and nitrogen fixation 
(dry weight) (Figure 22B), on M. sativa nor on the level or pattern of smc02178 symbiotic 
expression in planta (Figure 22 C-D). By contrast to what happens in the spdA null mutant, 
smc02178 expression was not changed ex planta in a S. meliloti spdA overexpressing strain 
(Figure 22E), suggesting that SpdA is not limiting in the tested conditions. However, SpdA 
overproduction is not confirmed.  
The dosage of levels of 2'3'cAMP in vivo in S. meliloti 1021 and spdA mutants background is 
ongoing in collaboration with Dr V. Poinsot (CNRS-UPS) using biochemical approaches.  
 
2. Study of CpdB, a putative 2'3'cAMP PDE from S. meliloti 
a) Construction of a S. meliloti cpdB null mutant  
One explanation for the absence of phenotype on symbiosis with spdA mutants could be a 
functional redundancy with another 2'3'cAMP PDE present in S. meliloti. Among the 15 
putative MPEs in S. meliloti, CpdB (SMc04449) is predicted to be a 2'3'cAMP PDE based on 
protein sequence similarity with CpdB, the 2'3'cAMP PDE from E. coli. CpdB from S. meliloti, 
as CpdB from E. coli, is predicted to be localized in the periplasm of the bacterium. Thus CpdB 
from S. meliloti could be involved in degrading 2'3'cAMP coming from the cytoplasm or from 
the environment as in Y. enterocolitica (Trülzsch et al., 2001).  
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Figure 23 : Growth characteristics of S. meliloti mutants. 
 Growth curves of 1021 WT, ΔspdA, cpdB, and ΔspdAcpdB mutants strains in VGM 
supplemented or not with 7.5 mM 2', 3'cAMP. 
Figure 24 :  2', 3'cAMP effect on smc02178 expression.  
smc02178-lacZ expression was monitored ex planta in S. meliloti 1021 WT, ΔSpdA, cpdB, and 
ΔspdAcpdB strains after addition of M. sativa shoots extract (MS) and/or 7.5 mM 2', 3'cAMP. 
*p<0.05 compared to the wild type. *p<0.05 compared to ΔSpdA. (Average of three 
independent experiments) 
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In order to study the biological function of CpdB, I constructed an insertion mutant of cpdB 
(see material and methods) and a double mutant ΔSpdAcpdB.  
b) Growth characteristics of a S. meliloti cpdB null mutant 
In the article, we describe that S. meliloti 1021 and spdA null mutant have the same growth 
characteristics. We observed that exogenous 2'3'cAMP extended WT bacterial growth, 
suggesting that S. meliloti could grow at 2'3'cAMP expenses, as Y. enterocolitica does (Trülzsch 
et al., 2001). In Y. enterocolitica, CpdB is involved in this process. In order to see whether CpdB 
was responsible for improved S. meliloti growth in presence of 2'3'cAMP, I compared growth 
characteristics of S. meliloti 1021 with spdA, cpdB and ΔSpdAcpdB mutants. In those two later 
strains, extended growth in presence of exogenous 2'3'cAMP was not observed, suggesting 
that CpdB may metabolize 2'3'cAMP as an alternative carbon source as CpdB from Y. 
enterocolitica does (Trülzsch et al., 2001)(Figure 23).  
 
c) Expression of smc02178 in a cpdB mutant and ΔSpdAcpdB mutant background 
Contrary to a spdA null mutant, smc02178 expression in presence of a Medicago shoot extract 
in a cpdB mutant was similar to wild-type (Figure 24). Unexpectedly, in a double ΔSpdAcpdB 
mutant, the level of smc02178 expression ex planta in presence of a M. sativa shoots extract 
was the same as in a wild type strain as if a cpdB mutation could phenotypically complement 
a spdA null mutation.  
 
d) Symbiotic phenotype of cpdB 
The study of symbiotic phenotype of cpdB mutant or a ΔSpdAcpdB double mutant is ongoing.   
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I. cAMP signalling in Sinorhizobium meliloti 
 
1. Biological roles of ACs/GCs in S. meliloti 
There are 26 ACs/GCs in S. meliloti genome, suggesting that cAMP/cGMP could have many 
biological functions in this bacterium. Most of these cyclases do not possess the same 
regulatory domain and their catalytic domain can be found in either N-terminal or in C-
terminal position, suggesting different biological roles for each cyclase (Figure 16). Sharypova 
et al have demonstrated that CyaF5 had a beneficial effect on symbiotic performances 
(Sharypova et al., 1999) and we have shown that CyaD1, CyaD2 and CyaK have a role in 
symbiosis in the negative control of infection. We don’t know yet the biological functions of 
others ACs/GCs in S. meliloti.  
We have found that CyaD1 synthesized cAMP rather than cGMP thus CyaD1 is indeed an AC. 
We speculated that CyaD2 and CyaK are also AC based on the conserved Lysine residue found 
in these three cyclases (Marden et al., 2011; Tian et al., 2012).  The substrate specificity of the 
other cyclases is unknown so far and thus we don’t know yet whether cGMP may have a 
biological role in S. meliloti. Interestingly, in animals cGMP can act as a signalling molecule 
involved in processes including smooth muscle contraction, phototransduction in the eye and 
blood vessel dilation (Thoonen et al., 2013). In all these cases nitric oxide (NO) is produced 
and this stimulates activity of a GC to produce cGMP. Recently, evidence has been emerging 
that cGMP may have a role in plant cell signalling too, including mediating defence reactions 
against bacterial pathogens (Neill et al., 2008). NO can induce increases in cGMP in a number 
of plant species including soybean (Glycine max) and Arabidopsis thaliana (Dubovskaya et al., 
2011; Suita et al., 2009). It is thus tempting to speculate that cGMP signalling can occurred in 
S. meliloti in order to interfere with plant defence reactions for the fine tuning of symbiosis. 
In M. tuberculosis, there are 17 ACs, one of which has a demonstrated role in the pathogenic 
interaction of bacteria with human macrophages (Agarwal et al., 2009). All of other ACs in this 
bacterium are of unknown function, however, ten of them have demonstrated activity which 
is affected by pH, fatty acids and CO2 (McDonough and Rodriguez, 2012), and the expression 
of AC-encoding genes is controlled by hypoxia and starvation (Bai et al., 2011). In particular, 
macrophages passage stimulates the activity of M. tuberculosis ACs (Bai et al., 2009).  It is 
tempting to speculate that some of the 23 ACs of S. meliloti are involved in environmental  
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Figure 25 : Models for cAMP signalling in S. meliloti 
(1) Clr responds to CyaD1, CyaD2 and CyaK by activating the expression of smc02178 (red arrows) 
and probably other genes (red dashed arrow). (2) Clr is able to transduce signal used by other cyclases 
activating different genes (black arrows). The possibility that other cyclases are involved in smc02178
expression is shown with the black dashed arrow. (3)SMb21270 is involved in transducing signals 
used by cyclases and is indirectly involved in activating some target genes (blue arrows). (4) cAMP 
itself is able to directly activate some proteins ( light brown arrows).  
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adaptation of these bacteria during the free living state, including stress responses and 
metabolic changes, and possibly during symbiosis as well.  
Transcriptomic analyses are needed for the identification of the Clr regulon and the genes 
under cAMP/cGMP control. Identification of these genes will help us understanding the role 
of cNMPs in S. meliloti.  
Phenotypic characterization of individual ACs/GCs mutants in different stress conditions (e.g. 
Biolog analysis) will also highlight the biological relevance of cAMP/cGMP signalling in S. 
meliloti. Indeed, the Biolog assay analyses a microorganism in 94 phenotypic tests: 71 carbon 
source utilization assays and 23 chemical sensitivity assays. The test panel will thus provide a 
“phenotypic fingerprint” of each ACs/GCs mutants.  
 
2. A complex cAMP signalling network in S. meliloti 
 
Whereas there are many ACs/GCs in S. meliloti, there is only one CRP-like protein with both a 
cAMP-binding site and a DNA binding domain. In silico analysis revealed another putative 
cAMP receptor (SMb21270) that does not possess the DNA binding domain. Several 
possibilities can be considered for cAMP/cGMP signalling in S. meliloti (Figure 25). (1) Clr may 
respond to CyaD1, CyaD2 and CyaK by activating the expression of smc02178 and probably 
other genes in response to nodule signal(s). (2) Clr may be able to transduce signals sensed by 
other cyclases hence activating different genes. The possibility that other cyclases are involved 
in smc02178 expression is not rejected. (3)SMb21270 may be involved in transducing signals 
used by cyclases and may be indirectly involved in activating some target genes. (4) cAMP 
itself is able to directly activate/repress some proteins (e.g, EPACs, CNGCs (see introduction 
section B.II.4) and enzymes such as phosphodiesterases).  
In order to test these possibilities tanscriptomic analyses are ongoing. As discussed above, the 
aim is to found target genes expressed in a Clr and cAMP/cGMP dependent manner to test 
the possibility (2) and to compare those finding with genes expressed in a CyaD1D2K 
dependent manner to check the possibility that the 3 ACs activate other genes (1). In order to 
test the hypothesis (3), transcriptomic analyses of a smb21270 mutant is considered. Finally,  
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the case (4) will be study as discussed above with the phenotypic characterization of individual 
ACs/GCs mutants using Biolog assays.  
 
3. Spatial and temporal distribution of cAMP  
 
 cAMP being a diffusible molecule, the question raises of  how this second messenger could 
transduce different signals without crosstalk?  
The prokaryotic cell was once thought of as a 'bag of enzymes' with little or no intracellular 
compartmentalization. It is now considered that a bacterium is a highly structured, non-
random collection of functional membrane-embedded and proteinaceous molecular 
machines, each of which serves a specialized function (Saier, 2013). In this context it is 
tempting to speculate that the cAMP synthesis/degradation machinery could indeed be 
compartmentalized. To my knowledge, cross-contamination between different cAMP 
signalling has not been reported in bacteria, in contrast to eukaryotic organisms in which the 
second messenger is involved in many transductional pathways. cAMP signalling  
compartmentalization in eukaryotes was proposed by Buxton and Brunton thirty years ago 
(Buxton and Brunton, 1983) and was demonstrated more recently (Henn et al., 2005; Houslay 
and Adams, 2003). Compartmentalization of cAMP allows spatially distinct pools of cAMP-
binding proteins to be differently activated. Microdomains of cAMP in bacteria could be 
maintained by localized activity of the catalytic domain of the cyclase and/or by hydrolysis of 
cAMP by PDEs to prevent diffusion. 
Danchin suggested that it is not cAMP per se which is the real regulator, nor only its spatial 
distribution, but most probably its temporal distribution (Danchin, 1993). Specific variation in 
the concentration of cAMP could be recognized by receptors-regulators which control in a 
highly discriminant way the action of each cyclase. We can indeed imagine that the 
intracellular concentration of cAMP is directly or indirectly involved in a feedback mechanism. 
Receptors-regulators involved in cAMP recognition or cAMP itself could negatively regulate 
ACs activity and positively regulate PDE activity as well in order to perform cAMP turnover. 
The first messenger itself (e.g. signal activating ACs) may have a temporal distribution. 
Variations in the duration of turnover could cause the different signalling pathways.  
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Whether a spatial and/or temporal distribution of cAMP would prevent crosstalk in S. meliloti 
is a question for future research. Since direct visualization of cAMP in the cell is not feasible, 
indirect techniques are envisaged.  In order to study spatial and temporal distribution of cAMP 
in the bacterium, a Clr-based FRET system for cAMP detection with CFP and YFP fused to the 
opposite ends of the cAMP binding domain of Clr might be considered. A standing FRET signal 
would be present in the absence of cAMP. Binding of cAMP would cause a conformational 
change that moves apart the N- and C-terminal regions of this domain leading to loss of FRET. 
The spatial distribution would be visualized at a given time on a bacterium. Temporal 
distribution might be visualized by observing cAMP pool in different time interval.  
Spatio-temporal distribution of cAMP may evoke distinct signalling consequences, and it is 
likely just a preview of the true complexity of cAMP signalling. 
 
4. Additional complexity in cNMP signalling pathways 
 
We have demonstrated that Clr is able to bind both 3'5'cAMP and 2'3'cAMP in vitro. To my 
knowledge, this is the first time that a CRP-like protein was demonstrated to bind 2'3'cAMP, 
however considering the high amount of 2'3'cAMP used in the assay (30 mM), we do not know 
whether it is physiologically significant. On the one hand, 2'3'cAMP binding to Clr did not 
trigger DNA binding in vitro nor smc02178 expression in vivo, suggesting that the 
conformational change activating Clr following 3'5'cAMP binding did not occur or was 
ineffective in the presence of 2'3'cAMP, at least in the experimental conditions tested. On the 
other hand smc02178 expression decreased in presence of exogenous 2'3'cAMP and in a spdA 
null mutant background suggesting a negative effect of 2'3'cAMP on 3'5'cAMP signalling. 
The high Km value measured in vitro for the 2'3'cAMP (3.7 mM) would imply that the cyclic 
nucleotide accumulates in high amounts in bacteroids, unless specific physiological or 
biochemical conditions lower Km value in vivo. Direct measurements of 2'3'cNMP levels in 
bacteroids, where spdA preferentially expresses, is now needed to clarify this issue. Mass 
spectrometry and /or Capillary electrophoresis is considered to measure cNMPs in S. meliloti 
bacteroids. However, considering the quantity of bacteroids needed and the difficulty for their 
purification from nodules plants, we need to envisage an alternative method.  
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2'3'cNMP is generated by transphosphorylation during RNA degradation (Jackson, 2011). 
Interestingly, S. meliloti has a high number of VapC-type RNases of the VapC(B)-toxin 
(antitoxin) family suggesting a high RNA turnover in this bacterium and thus possibly a high 
production of 2'3'cAMP in vivo (Arcus et al., 2011). M. tuberculosis also has a high number of 
VapC-type RNases, and Rv0805 has also been demonstrated to hydrolyse 2'3'cAMP as SpdA 
does (Min et al., 2012; Podobnik et al., 2009). This suggests that SpdA and Rv0805 may 
constitute a physiological adaptation in bacteria with a high RNA turnover, possibly by 
preventing cross-talk with 3'5'cAMP-mediated signalling. 2'3'cAMP might be also provided by 
the host during the interaction.  
 
Interestingly, it has been recently demonstrated that XcCLP, a Xanthomonas campestris global 
regulator of the CRP/FNR superfamily, is able to directly bind the second messenger c-di-GMP 
(Chin et al., 2010). c-di-GMP (see introduction section B.I.2) binding to XcCLP negatively 
influences the transcriptional capability of XcCLP and hence inactivates pathogenicity gene 
expression (Chin et al., 2010). It thus appears that (di)cNMPs competition for binding to CRP-
like proteins can influence gene expression.  
S. meliloti also has putative diadenylate/diguanylate cyclases in its genome (see introduction 
section B.I.2), it is thus tempting to speculate that c-di-NMPs may bind Clr or SMb21270 and 
thus may contribute to the complex cyclic nucleotide signalling network in this bacterium. 
 
II. cAMP signalling in symbiosis 
 
1. Is cAMP signalling part of Autoregulation of Infection? 
 
It was already known that the symbiotic interaction between rhizobia and legumes is under 
tight negative control. AON is one of the processes that regulate nodule number (see figure 
8). This involves modified-CLE peptides that have been shown recently to travel from roots to 
shoots where they bind the SUNN/HAR1 receptor (Okamoto et al., 2013). A shoot derived 
signal of unknown nature would then regulate nodule number.  
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In this work, we have identified a bacterial cAMP cascade that does not impact nodulation, 
and thus is distinct from AON, but instead impacts epidermal infection. We speculate this 
might be one mechanism for the Autoregulation of Infection (AOI). This mechanism would 
prevent excessive infection when enough well-infected nodules have been made. 
Interestingly, this AOI mechanism would not be under sole plant control, as AON is, but instead 
would involve a plant-bacterium communication. This would be the first evidence for a 
bacterial role in the negative control during S. meliloti-M. sativa symbiosis establishment. Our 
results have provided evidences that endosymbiotic rhizobia would prevent excessive 
infection thread formation by modifying Medicago root susceptibility to infection by bacteria 
still present in the rhizosphere. Several lines of evidence in the literature indeed suggest that 
AON itself or interactions between legumes and Plant Growth Promoting Rhizobacteria 
(PGPR)  might be regulated by a fine tuning of plant immunity (see Introduction V.) (Zamioudis 
and Pieterse, 2012). The AON phenomenon has striking mechanistic similarities to induced 
systemic resistance (ISR) and systemic acquired resistance (SAR) because in all these cases, a 
microbial infection in local tissues leads to resistance against secondary infections in distant 
plant parts (Zamioudis and Pieterse, 2012). 
Plants possess a range of active defence apparatuses that can be actively expressed in 
response to biotic stresses (pathogens and parasites) of various scales (ranging from 
microscopic viruses to phytophagous insect). The timing of this defence response is critical 
and reflects on the difference between coping and succumbing to such biotic challenge of 
necrotizing pathogens/parasites. If defence mechanisms are triggered by a stimulus prior to 
infection by a plant pathogen, disease can be reduced. Induced resistance is a state of 
enhanced defensive capacity developed by a plant when appropriately stimulated. SAR and 
ISR are two forms of induced resistance wherein plant defences are preconditioned by prior 
infection or treatment that results in resistance against subsequent challenge by a pathogen 
or parasite. Selected PGPR suppress diseases by antagonism between the bacteria and soil-
borne pathogens as well as by inducing a systemic resistance in plant against both root and 
foliar pathogens. Rhizobacteria mediated ISR resembles that of pathogen induced SAR in that 
both types of induced resistance render uninfected plant parts more resistant towards a broad 
spectrum of plant pathogens. Several rhizobacteria trigger the salicylic acid (SA)-dependent 
SAR pathway by producing SA at the root surface whereas other rhizobacteria trigger different  
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signalling pathway independent of SA. The existence of SA-independent ISR pathway has been 
studied in Arabidopsis thaliana, which is dependent on JA and ethylene signalling. 
We are thus interested to test whether the mechanism that regulates secondary infection may 
act via a modification of plant immunity.  
We will test this possibility by the elicitation of an ISR on Medicago roots in order to see 
whether plant inoculated with cascade mutants have an altered sensitivity to pathogens. 
 
2. Molecular mechanism for the negative control of infection 
 
We have demonstrated that the smc02178 gene is involved in the AOI mechanism. We don’t 
know yet how the corresponding protein, which is localized in the periplasm of the bacterium 
(Amandine Gastebois), can negatively regulate secondary infection.  
Preliminary results based on transcriptomic analysis of clr overexpressing and null mutants 
grown in presence of cAMP have shown that cAMP and Clr upregulate the expression of other 
genes in S. meliloti that are also expressed during symbiosis. Among them, the gene smb20495 
presents the same expression pattern, the same phenotype as smc02178 and the 
corresponding protein SMb20495 is also predicted to localize in the periplasm. This indicates 
that several genes that are activated by the cAMP-based cascade are involved in the negative 
control of infection during symbiosis. Functional studies of the SMc02178 and the SMb20495 
proteins should shed light to the mechanisms responsible for the negative control of infection 
mediated by S. meliloti during symbiosis. While SMc02178 does not present known particular 
structural motifs, SMb20495 has several predicted structural tetratricopeptide repeat (TPR) 
motifs. These motifs form scaffolds to mediate protein-protein interactions and often the 
assembly of multiprotein complexes. We can thus use techniques for studying protein-protein 
interactions such as Tandem Affinity Purification (TAP) or co-immunoprecipitation in order to 
find proteins interacting with SMb20495. This would lead us to know some candidates having 
a role in AOI and to better understand the mechanism. 
Interestingly, among genes upregulated by Clr, 18 are involved in EPSI biosynthesis (Anne-
Marie Garnerone and Amandine Gastebois). Moreover, succinoglycan biosynthesis seems to 
be cAMP dependent and under SMc02178 control. Thus we are now testing the possibility  
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that EPSI, or a modified version of it, could mediate the autoregulation of infection. We will 
also elucidate the genetic circuitry that links Clr and eps/exo genes regulation.  
 
3. Medicago signal identification 
 
We have shown that the nodule signal that activate the CyaD1D2K cascade is present in 
nodules, even in the absence of infection. Indeed, the signal is present in M. sativa Nar nodules 
and in nodules generated by a S. meliloti exoY mutant. The signal was very weakly detected in 
roots. Altogether these findings suggest that the nodule signal is linked to nodule 
organogenesis.  
Identification of the plant signal(s) that triggers cAMP cascade activation in S. meliloti is of 
course a main topic for future research. Characterization of the plant(s) signal would be very 
interesting as it may shed light to the link between nodule organogenesis and the negative 
control of infection.  
We have shown that the shoot signal activating CyaK is not specific of Medicago as it is also 
found in other leguminous plants and in non-leguminous plants as well. Interestingly, 
observations based on smc02178-lacZ fusion activity ex planta highlighted the fact that the 
activity of the signal varies with plant growth. Indeed, the younger the plant, the higher the 
activity. Thus, the signal could have a dual role in leguminous plants. Indeed, the signal is 
probably linked to plant growth, and may have been recruited for symbiosis in leguminous 
plants.  
The signal activating CyaK is present in shoot and in nodules, however it was not detected in 
roots. This suggest that the signal does not travel from the shoots to nodules and vice versa. 
It is more probably the same molecule synthesized at these two locations or two different 
signals but similar as they are perceived by the same cyclase. Nothing is known about the 
signal(s) activating CyaD1 and CyaD2 and we have no insight about the nature of this signal. 
However, once the signal activating CyaK will be characterized, it might give us an insight 
about the nature of the signal(s) activating CyaD1 and CyaD2. As they have the same 
regulatory CHASE2 domain and are both also involved in the negative control of infection, the 
signals must be similar.  
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Biochemical, molecular and genetic approaches will be used in order to identify the signal 
activating CyaK. Preliminary evidence suggests that the signal could be of peptidic or proteic 
nature, thus purification of the signal from plant tissue extracts using peptide/protein 
purification techniques is considered. In parallel, using the smc02178-lacZ reporter gene 
fusion, we will probe the presence/absence of the signal in Medicago NF-signalling mutants 
available in the laboratory. This will indicate whether the signal is part of the NF signalling 
pathway.   
We will also use the reporter gene fusion to test some candidates. Enod40 peptides are 
important players in nodule formation. Enod40s are early symbiotic genes linked to the 
differentiation and division of root cortical cells preceding nodule primordium formation (see 
introduction section A.III.2). Enod40 being involved in nodule organogenesis as the signal 
seems to be, it is a good candidate. We have an aliquot of purified Enod40 available in the 
laboratory, we can thus directly use this peptide to test the activation of the smc02178-lacZ 
reporter gene fusion. CLE peptides are also good candidates since they are key in the 
regulation of nodulation (see introduction section A.IV.1). M. truncatula CLE 12/13 genes are 
expressed in the first dividing pericycle and cortical cells, in the nodule primordium and in the 
nodule meristem. We have transgenic plants of M. truncatula overexpressing CLE 12/13 
available in the laboratory, we thus want to test whether an extract of these roots is able to 
induce smc02178-lacZ expression ex planta. NCR peptides are also good candidates since they 
are expressed in infected cells of the nodule in M. truncatula and they are involved in 
bacteroids differentiation (see introduction section A. IV.2). Moreover, they act as 
antimicrobial peptides and are thus involved in the negative control of symbiosis. We will test 
purified NCRs peptides on the expression of smc02178-lacZ fusion ex planta.   
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Table 1. Bacterial strains used in this study 
Strain Description Reference/Source 
1021 Strr derivative of S. meliloti strain SU47 (Meade et al., 1982) 
GMI11892 1021 ΔspdA, Strr Mathieu-Demazière et al 
1021 smcpdB 1021 smcpdB::pVO155, Strr, Neor This work 
1021 ΔspdA smcpdB 1021 smcpdB::pVO155, ΔspdA,Strr, Neor This work 
DH5α  E. coli fhuA2 Δ(argF-lacZ)U1 69 phoA glnV44 Φ80 Bethesda Research 
  Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 hsdR17                   
 
Table 2. Plasmids used in this study 
Plasmid Description Reference/source 
pGD2178 pGD926 containing the smc02178 promoter region, Tetr (Tian et al., 2012) 
pXLGD4 hemA-lacZ reporter plasmid, Tetr (Leong et al., 1985) 
pRK600 Helper conjugative plasmid, ColE1 replicon with RK2 
transfer region, Chlr 
(Finan et al., 1986) 
pBBR1MCS-5 Cloning vector, genr (Kovach et al., 1995) 
pBBR::spdA pBBR1MCS-5 expressing the spdA gene, Genr This work 
pVO155 pUC119 derivative for insertional inactivation in S. 
meliloti, Kanr, Ampr 
(Oke and Long, 1999) 
 
Table 3. Primers used in this study 
Gene Primer  name  Sequence 5' to 3' 
5' end restriction 
site 
smCpdB L04449 GGATCCTCTCAGGATCATGGAAACCA BamHI 
smCpdB R04449 TCTAGACGATCGAGGATTACGTAGGG XbaI 
SpdA LXmaI2179 CCCCCCGGGGGGGTGACCCGCGAGACATC XmaI 
SpdA RXbaI2179 GCTCTAGAGC CCTCTTGCGCCGGAAGG XbaI 
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Bacterial strains, plasmids, and growth conditions. Bacterial strains and plasmids used in this 
study are listed in table 1 and 2 respectively. S. meliloti strains were grown at 28°C in rich LB 
medium supplemented with 2.5 mM CaCl2 and 2.5 mM MgSO4 (LBMC) or in modified Vincent 
synthetic medium with glutamate (0.1%) and mannitol (1%) as nitrogen and carbon sources, 
respectively (VGM) (Becker et al., 2004). E. coli strains were grown at 37°C in rich LB medium. 
The concentrations of antibiotics used for S. meliloti cultures were 200 μg/ml for 
streptomycin, 100 μg/ml for neomycin, 10 μg/ml for tetracycline, and 30 μg/ml for gentamicin. 
The concentration of antibiotic used for E. coli cultures were 50 μg/ml for ampicillin. 
 
Construction of plasmids and mutant strains. Primers used for DNA amplification are listed 
in table 3. S. meliloti 1021 was used as template for DNA amplification. The cpdB mutant was 
constructed by site-specific insertional inactivation using the plasmid pVO155 that does not 
replicate in S. meliloti (Oke and Long, 1999). CpdB internal fragments were amplified using 
L04449 and R04449 primers and then digested with BamHI and XbaI and cloned into the 
BamHI and XbaI restriction sites of pVO155. The resulting pVO155 derivative was introduced 
into E. coli by transformation and then was conjugated in S. meliloti 1021 and GMI11892 using 
the plasmid helper pRK600.  
The spdA-expressing construct pBBR::spdA was obtained after PCR amplification of the spdA 
gene-coding region using S. meliloti 1021 genomic DNA as template and LXmaI2179 and 
RXbaI2179 as primers. The PCR fragment was digested with XmaI and XbaI and cloned into the 
XmaI-XbaI digested pBBR1MCS-5 plasmid to yield pBBR::spdA. The verified plasmid was then 
introduced into E. coli DH5α by transformation and then was conjugated in S. meliloti 1021 
using the plasmid helper pRK600.  
All constructs were verified by PCR and Sanger sequencing in E. coli and by PCR in S. meliloti. 
 
Plant assays and plant extracts preparation. Seeds of M. sativa cv. Europe were surface 
sterilized, germinated, and allowed to grow in 12-cm2 plates containing slanting nitrogen-free 
Fahraeus agar medium for 3 days at 22°C with day/night cycles of 16/8h. The plants were 
inoculated with 2.103 bacteria per plant. Nodules were counted every day during 8 days then 
every 2 days until 35 days post-inoculation (dpi). At 35 dpi, shoots were collected and dried 
overnight at 65°C for weight measurements. Plant extracts were prepared as previously 
describe (Tian et al., 2012). 
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β-Galactosidase assays. S. meliloti strains carrying the pGD2178 plasmid were grown at 28°C 
in VGM. Overnight cultures were diluted to an OD600 of 0.1 in VGM and was supplemented 
with 10% v/v with M. sativa shoots extract and /or 7.5 mM 2'3'cAMP and grown overnight at 
28°C. β-Galactosidase activities were measured  (Miller units) using 0.1 ml of culture as 
previously described (Miller, 1972).  
 
Cytological techniques. Plants were inoculated with S. meliloti strains carrying the pGD2178 
or the pXLGD4 plasmid. Entire roots were collected 7 dpi, fixed with 2% (vol/vol) 
glutaraldehyde solution for 1.5 h under vacuum, rinsed three times in Z buffer (0.1 M 
potassium phosphate buffer [pH 7.4], 1 mM MgSO4, and 10 mM KCl), and stained overnight 
at 28°C in Z buffer containing 0.08% 5-bromo-4-chloro-3-indolyl-D-galactoside (X-gal), 5 mM 
K3Fe(CN)6, and 5 mM K4Fe(CN)6. Entire roots were observed under a light microscope. 
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également dans ce processus. En effet, nous avons montré que trois adénylate 
cyclases (ACs)  
bactériennes de type récepteur, CyaD1, CyaD2, et CyaK, participent au contrôle 
du processus  
infectieux en réponse à un signal de nature inconnue. En réponse à ce signal, 
les trois ACs  
synthétisent de l’AMPc qui, via le régulateur Clr (CRP-like regulator), active 
un gène cible, le  
gène smc02178 dont le rôle est encore inconnu. La mutation des composants de la 
cascade  
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(PDE), la  
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The leguminous plant Medicago sativa (Alfalfa) can enter a symbiosis with a 
nitrogen-fixing  
bacterium called Sinorhizobium meliloti. S. meliloti elicits on M. sativa roots 
the formation of  
specialized organs called nodules that behave as miniature nitrogen-fixing 
factories in which  
fixed nitrogen is provided to the plant, in proportion of its needs. Extensive 
work on the model  
Medicago truncatula/S. meliloti has revealed a great deal of the genetic pathway 
involved in  
Nod Factor (NF) perception and signal transduction pathway leading to 
coordinated nodule  
organogenesis and controlled bacterial infection. The negative control of 
nodulation and  
infection is nowadays a very active area of research. Such a negative control is 
physiologically  
essential as excessive nodulation and/or bacterial infection would be 
detrimental to the  
symbiosis and to plant health. So far only plant (Medicago and Lotus) mutants 
have been  
identified that are affected for the control of infection. As part of my PhD 
thesis, we have  
shown that the bacterium S. meliloti is also involved in this process. Indeed, 
we have shown  
that three receptor-type bacterial adenylate cyclases (ACs) CyaD1, CyaD2 and 
CyaK,  
participate in the control of the infectious process in response to an unknown 
signal. In  
response to this signal, the three ACs synthesize cAMP which, via the regulator 
Clr (CRP -like  
regulator), activates a target gene, the gene smc02178 whose role is still 
unknown. The  
mutation of cascade components leads to a hyper-infectious phenotype on M. 
sativa roots.  
My PhD work focused on the characterization of signal perception mechanisms by 
the  
cyclases, its biosynthesis and the study of its perception by CyaK. We have 
shown that the  
signal perceived by the three cyclases is a plant signal. This signal is present 
in shoots and in  
nodules of M. sativa, and in a large number of plant species including non-
legumes. In a  
second step, we were interested in a phosphodiesterase (PDE), the protein SpdA 
(SMc02179),  
potentially involved in the regulation of cAMP levels in S. meliloti. The study 
of the smc02179  
regulation showed that the gene is expressed in symbiosis from the early stage 
of infection.  
We have thus functionally characterized the SpdA protein in vivo and in vitro 
and studied its  
role in the signalling cascade.  
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